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𝐿𝑊𝑅 = 𝐿𝑖𝑔ℎ𝑡 𝑊𝑎𝑡𝑒𝑟 𝑅𝑒𝑎𝑐𝑡𝑜𝑟 
𝑀𝐶𝑁𝑃 =  𝑀𝑜𝑛𝑡𝑒 𝐶𝑎𝑟𝑙𝑜 𝑁 − 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 
𝑁𝐸𝐴 =  𝑁𝑢𝑐𝑙𝑒𝑎𝑟 𝐸𝑛𝑒𝑟𝑔𝑦 𝐴𝑔𝑒𝑛𝑐𝑦 
𝑁𝐹 =  𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 
𝑁𝑅𝐺 = 𝑁𝑢𝑐𝑙𝑒𝑎𝑟 𝑅𝑒𝑠𝑒𝑎𝑟𝑐ℎ 𝑎𝑛𝑑 𝑐𝑜𝑛𝑠𝑢𝑙𝑡𝑎𝑛𝑐𝑦 𝐺𝑟𝑜𝑢𝑝  
𝑂𝐷𝑆 =  𝑂𝑥𝑖𝑑𝑒 𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑒𝑛𝑒𝑑 
𝑃𝐶𝑀𝐼 = 𝑃𝑒𝑙𝑙𝑒𝑡 − 𝐶𝑙𝑎𝑑 𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 
𝑃𝐹𝐵𝑅 =  𝑃𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒 𝐹𝑎𝑠𝑡 𝐵𝑟𝑒𝑒𝑑𝑒𝑟 𝑅𝑒𝑎𝑐𝑡𝑜𝑟 
𝑃𝑃𝐹 =  𝑃𝑜𝑤𝑒𝑟 𝑃𝑒𝑎𝑘𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟 
𝑃𝑆𝐼 = 𝑃𝑎𝑢𝑙 𝑆𝑐ℎ𝑒𝑟𝑟𝑒𝑟 𝐼𝑛𝑠𝑡𝑖𝑡𝑢𝑡𝑒 
𝑅𝐼𝐴 =  𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑒𝑑 𝐴𝑐𝑐𝑖𝑑𝑒𝑛𝑡 
𝑆𝐹𝑅 =  𝑆𝑜𝑑𝑖𝑢𝑚 − 𝐶𝑜𝑜𝑙𝑒𝑑 𝐹𝑎𝑠𝑡 𝑅𝑒𝑎𝑐𝑡𝑜𝑟 
𝑈𝐿𝑂𝐹 =  𝑈𝑛𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑 𝐿𝑜𝑠𝑠 𝑜𝑓 𝐹𝑙𝑜𝑤 
𝑈𝐿𝑂𝐻𝑆 =  𝑈𝑛𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑 𝐿𝑜𝑠𝑠 𝑜𝑓 𝐻𝑒𝑎𝑡 𝑆𝑖𝑛𝑘 
𝑈𝑇 = 𝑈𝑛𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑 𝑇𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 
𝑈𝑇𝑂𝑃 =  𝑈𝑛𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑 𝑇𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑜𝑓 𝑂𝑣𝑒𝑟𝑃𝑜𝑤𝑒𝑟 
𝑈𝑇𝑈𝐶 =  𝑈𝑛𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑 𝑇𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑜𝑓 𝑈𝑛𝑑𝑒𝑟𝐶𝑜𝑜𝑙𝑖𝑛𝑔 
𝑉𝐻𝑇𝑅 = 𝑉𝑒𝑟𝑦 𝐻𝑖𝑔ℎ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑅𝑒𝑎𝑐𝑡𝑜𝑟 
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1. Introduction 
The Generation IV International Forum (GIF) Roadmap identifies fast reactors as an 
exceptional, potentially sustainable energy source especially in terms of waste 
management and optimization of the nuclear fuel. Nearly 55 years of technological 
experience gained from related projects in many countries have placed the Sodium-
cooled Fast Reactor (SFR) in a unique position among the different systems promoted 
in the GIF. Many countries demonstrated significant technological advancements of 
SFRs not only in terms of design but also in terms of operation. The Experimental 
Breeder Reactor (EBR) and the Fast Flux Test Facility (FFTF) in USA, the BN series 
reactors in Russia, the Monju in Japan and the prototype Phénix and commercial 
SuperPhénix in France have added over 400 reactor-years of operational experience in 
SFR technology. Latest examples of SFRs are the recently connected to the grid China 
Experimental Fast Reactor (CEFR) [1], the Russian BN-800 [2] and the Indian Prototype 
Fast Breeder Reactor (PFBR) [3]. In Europe, the European Sustainable Nuclear 
Industrial Initiative (ESNII) has planned an industrial project for demonstration 
purposes called Advanced Sodium Technological Reactor for Industrial Demonstration 
(ASTRID). Moreover, a number of European countries have been conducting research 
programmes for the development of fast reactors pioneering (Generation IV) concepts 
(France in particular but also Czech Republic, Turkey, the Netherlands and Spain). 
This work is based on the European Collaborative Project on the European Sodium Fast 
Reactor (CP-ESFR), which was initiated as part of the EURATOM contribution to the GIF 
and an attempt to create a common European framework to support the SFR 
technology, establishing the technical basis of a European sodium fast reactor plant 
with improved safety performance, resource efficiency and cost efficacy [4]. 
The design and safety analysis of current and future nuclear reactors, during normal 
operation and under accidental condition, requires continuous improvement of 
computational accuracies. To this purpose, multi-physics approaches including 
detailed, coupled neutronic and thermal hydraulic assessments are being increasingly 
developed and used [5], [6], [7]. In this work, a further step in the neutronic analysis of 
the European Sodium Fast Reactor (ESFR) is attempted. 
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This thesis work was developed with the collaboration of the Joint Research Centre – 
Institute for Energy and Transport (JRC – IET) and it was a follow up of previous studies 
there performed [8]. 
In particular this study is focused on the research of the power peaking fuel pin at end 
of cycle (EoC) after the insertion of a specific value of reactivity. Two different ways of 
reactivity insertion have been considered: a global insertion moving the control rods all 
together and a local one through the movement of a single control rod. In particular 
the first analysis (global insertion) was developed because we tried to have a detailed 
power pin profile following a kinetic study done with a punctual code [9]. This analysis 
is part of the preliminary safety analysis of the reactor core and it will be also useful for 
the study of the pellet-clad mechanical interaction (PCMI). In fact, the calculated 
power profile within the hottest fuel pin will be used as input in the TRANSURANUS 
code or a finite element code (e.g. Ansys or Abaqus) to assess the mechanical safety 
margin of the cladding during accidental conditions. 
The Monte Carlo code MCNP6 has been used for all the calculations here presented. 
This code differs from its predecessors being the first which integrates all the features 
of MCNP5 and MCNPX providing, among the others, the capability to perform burn up 
calculation with the depletion code CINDER90 [10]. 
The MCNP6 input file of the reactor, developed at JRC – IET, represents the whole core 
at the beginning of life (BoL) condition and, as such, it cannot be directly used to 
achieve the aforementioned goal of this study. Thus, it is necessary to work on it in 
order to search, first, for the position of the control rods corresponding to the critical 
reactor configuration (the original input file was not representing such a reactor state), 
hence, by using the new burnup card, to get the material composition of the fuel at 
the EoC, the breeding ratio and some other safety parameters before to start the fuel 
assembly and fuel pin analysis to identify the power peaking fuel pin. 
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2. Sodium-Cooled Fast Reactor 
The SFR uses liquid sodium as reactor coolant, allowing for a high power density with a 
low coolant volume fraction and low pressure. Although, the oxygen-free environment 
prevents corrosion, the sodium chemically reacts with air and water in an exothermic 
way and for this reason, it requires a sealed coolant system [11]. 
SFR plant size options under consideration range from small modular reactors with a 
power from 50 to 300 MWe, to larger reactors with a power up to 1500 MWe. The 
standard sodium inlet temperature is 390 – 400 °C and the outlet temperature is 500 – 
550°C  that are function of the different power options, which allows the use of the 
materials developed and proven in prior fast reactor programs [11]. 
The SFR fuel cycle is of closed type and enables regeneration of fissile fuel and 
facilitates management of minor actinides because it has the possibility to burn with 
high capability the isotopes with high half-life (Americium, Neptunium, Curium) [12]. 
Belonging to Generation IV system, the SFR has important safety features among 
which can be cited a long thermal response time, a reasonable margin to coolant 
boiling, a primary system that operates near atmospheric pressure, and an 
intermediate sodium system between the radioactive sodium in the primary system 
and the power conversion system [11]. Water steam, supercritical carbon-dioxide or 
nitrogen can be considered as working fluids for the power conversion system to 
achieve high performance in terms of thermal efficiency, safety and reliability. Fast 
reactors hold a unique role in the actinide management mission because they operate 
with high energy neutrons that are more effective at fissioning actinides remembering 
that the natural isotopic composition of uranium is 234U 0.005%, 235U 0.72% and 238U 
99.275%. In addition, the fast neutron spectrum greatly extends the uranium resources 
compared to thermal reactors. The SFR is actually considered to be the nearest-term 
deployable system for actinide management [11]. 
The reactor unit can be arranged in two different layouts: 
 Pool type: all the primary coolant system is inserted inside the vessel (Figure 
2.1). 
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 Loop types: classic design similar to a light water reactor (LWR). 
For what instead concerns the dimensions of the reactor (that is strictly connected to 
the power of the reactor), three options are considered: 
 A large size (600 to 1500 MWe) loop-type reactor with mixed uranium-
plutonium oxide fuel and potentially minor actinides. 
 An intermediate-to-large size (300 to 1500 MWe) pool-type reactor with oxide 
or metal fuel. 
 A small size (50 to 150 MWe) modular-type reactor with uranium-plutonium-
minor-actinide-zirconium metal alloy fuel [11]. 
 
Figure 2.1: SFR general pool type design 
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2.1 European Sodium Fast Reactor 
The plant design [13] of the European Sodium Fast Reactor (ESFR) is based on an 
industrial sodium cooled pool reactor of 1500 MWe. The reactor has 3 coolant systems: 
a primary sodium coolant system, an intermediate sodium coolant system, and a 
steam-water, turbine-condenser coolant system. The pool-type primary system 
includes the core, three mechanical primary pumps and six Intermediate Heat 
Exchangers (IHX) (Figure 2.2) [13]. Six Decay Heat Removal (DHR) systems connected to 
six Direct Reactor Cooling (DRC) loops are also present to ensure the decay heat 
removal of the reactor upon shut down. The coolant flows upward through the reactor 
core into the upper sodium pool (upper plenum) of the main vessel, and then it flows 
downward through the intermediate heat exchanger and discharges into the lower 
sodium pool. The vertically oriented primary pumps draw the coolant from the lower 
pool and discharge it into the core inlet plenum. In the lower part two different core-
catcher where designed: the in-core catcher and the out-core catcher [14]. 
The secondary system consists of six intermediate loops, each one equipped with one 
IHX on the reactor side and six modular sodium/water Steam Generators (SG) of 100 
MWth power capacity. The tertiary system consists therefore of 36 separate circuits. 
The high temperature steam is used to drive a conventional turbine to produce 
electricity [13]. 
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Figure 2.2: ESFR pool type concept with all the reactor components [14] 
The current core design makes use of a fuel based on mixed oxides and it refers to a 
reactor power of 3600 MWth ("working horse"1 cores [15]). The main parameters of 
the reactor core are reported in Table 2.1. This section aims at providing the major 
specifications of this core design for neutronic modelling purposes. 
  
                                                     
1 This is the name of the particular core selected for this study  
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ESFR Core Parameters  
Thermal Power 3600 MWth 
Volume 17.5 m3 
Lattice Pitch 21.08 cm 
Fuel type Pins/Pellets 
Active Height 1 m 
Cladding Material ODS Steel 
Pin Diameter 9.43 mm 
Pin per Assembly 271 
Fuel Assemblies 453 
Control Shutdown Device 24 
Diverse Shutdown Device 9 
Core Inlet Temperature 395 °C 
Core Outlet Temperature 545 °C 
Fuel Pellet Material (U, Pu)O2 
Table 2.1: ESFR core specifications and parameters 
 
Figure 2.3: Oxide core configuration used in this study with all the different internals 
In the Figure 2.3 it is possible to see the different parts of the core. In yellow the 
reflector, in light blue fuel of the outer zone, in purple the fuel inner zone, in orange 
the control shutdown devices (CSD) and in red the diverse shutdown devices (DSD). 
Radial reflector 
Outer Zone 
Inner Zone 
Control Shutdown Devices 
Diverse Shutdown Devices 
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The fuel assembly consists of a hexagonal wrapper tube that contains a triangular 
arrangement of fuel pins with helical wire wrap spacers. The hexagonal wrapper tube 
is made of a chromium ferritic/martensitic steel (EM10, 9Cr-1Mo). The fuel pin is made 
by pellets of uranium and plutonium mixed oxides with an oxide dispersion 
strengthened (ODS) steel cladding. The fuel assembly characteristics are summarized 
in the Table 2.2. 
  
Fuel assembly pitch (cm) 21.08 
Sodium gap width inter assembly (cm) 0.45 
Wrapper tube outer flat-flat width (cm) 20.63 
Wrapper tube thickness (cm) 0.45 
Wrapper tube material EM10 
Wire wrap spacer diameter (cm) 0.1 
Wire wrap helical pitch (cm) 22.5 
Wire wrap spacer material ODS Steel 
Number of fuel assemblies 453 (225 Inner Zone + 228 Outer Zone) 
Number of fuel pin per assembly 271 
Outer clad diameter (mm) 10.73 
Inner clad diameter (mm) 9.73 
Cladding material ODS Steel 
Fuel pellet diameter (mm) 9.43 
Fuel pellet material (U, Pu)O2 
Table 2.2: Characteristics of the fuel assembly for the oxide fuel core designs 
Fuel Assemblies main characteristics 
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The inner and outer fuel regions have different plutonium mass content (respectively 
12.80% and 14.90%) in order to flatten the core power shape at the end of cycle. There 
are 225 inner fuel assemblies and 228 outer fuel assemblies. The targeted fuel 
residence time is at least equal to 2050 equivalent full power days. The average and 
maximum core burnup are respectively  100 GWd t⁄  and 145 GWd t⁄   for an average 
power density of 206 W/cm3. 
The control rod system is made of 9 DSD and 24 CSD. The CSD rod absorbers contain 
natural boron carbide (~19.9% of 𝐵10 ) whereas the DSD rod absorbers contain 
enriched boron carbide (90% of 𝐵10 ). The follower material consists in steel and 
sodium (8%wt. and 92%wt. respectively). Outside the core, the reflectors consist of 3 
rings of assemblies. The reflector consists in a composition of a ferritic steel F17 (low 
carbon steel) and EM10. 
The axial position of the CSD rods has been carefully checked in this study (as it will be 
discussed later on Chapter 4.1) in order to achieve the criticality condition of the 
reactor at the BoL. Previous simulations were in fact done with fully extracted CSD 
rods. A simple sketch of the axial composition of the different elements of the core is 
shown in Figure 2.4. The CSD and DSD control rods have both a follower made of EM10 
steel (Figure 2.5 and Figure 2.6). Although the composition of the fuel elements in the 
inner and outer region are different, they share the same active height equal to 100 
cm, a lower and upper axial reflector of 30 and 70 cm, respectively, and, finally, a 
fission gas plenum essentially located over the fuel (11 cm) and below the lower 
reflector (91 cm). Finally, the elements of the radial reflector are axially homogeneous 
and made of a mixture of sodium, F17 and EM10 [15]. 
The CSD rods are located according to a symmetric pattern within the two fuel zones. 
The CSD rods are expected to be used during the normal operation while the DSD rods 
are activated only in case of accident or SCRAM. The Table 2.3 shows the main 
characteristics of the two different kinds of control rods. In particular, it appears that 
the main differences concern the concentration of 10B and the number of boron 
carbide pins [15]. 
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Figure 2.4: Axial scheme of oxide core with the dimensions of every region 
 
Figure 2.5: Control Shutdown Device, radial cut and design specification for the assembly 
Upper axial reflector 
reflector Lower axial reflector 
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Figure 2.6: Diverse Shutdown Device, radial cut and design specification for the assembly 
 CSD DSD 
Pellet material B4C (natural) B4C (90% in 10B) 
Number of pins 37 55 
Active height 1 m 1 m 
Pellet diameter 18.3 mm 14 mm 
Cladding material ODS Steel ODS Steel 
Table 2.3: Main characteristics of control rods 
2.2 Core specifications 
The fuel, as already mentioned, is of MOX type and its initial (fresh fuel) isotopic 
composition is shown in Table 2.4 and Table 2.5, for the inner and outer region, 
respectively. The number of pins per assemblies is 271. The fuel assembly is shown in 
the Figure 2.7 and it has the classic hexagonal form designed for fast reactors [12]. The 
active core region (see Figure 2.4) is 1 m the other regions are described in the figure 
above and the dimensions are given in the previous chapters. 
The main differences are in the concentration of plutonium vector and uranium vector, 
in fact in the outer region the percentage of plutonium is higher respect to the inner 
region. This difference influences the power shape and the production of new fissile 
material. 
It is also interesting to note the presence of 𝐴𝑚 241 at the BoL (Table 2.4 and Table 
2.5). Three hypotheses were done for this: 
1. The MOX fuel comes from a reprocessing process that does not separate 
plutonium and americium. 
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2. 𝐴𝑚 241 is inserted at BoL in order to burn it as a waste. 
3. 𝐴𝑚 241 is present because is a product of the beta decay of 𝑃𝑢241 . 
It was possible to provide an answer to that question after the burnup analysis (see 
section 4.3.2). 
Isotopes Mass Fraction % 
235U 0.19% 
238U 75.09% 
238Pu 0.46% 
239Pu 6.12% 
240Pu 3.83% 
241Pu 1.06% 
242Pu 1.34% 
241Am 0.10% 
16O 11.81% 
Table 2.4: MOX mass fraction in the inner zone 
Isotopes Mass Fraction % 
235U 0.18% 
238U 73% 
238Pu 0.54% 
239Pu 7.11% 
240Pu 4.45% 
241Pu 1.2354% 
242Pu 1.56% 
241Am 0.17% 
16O 11.75% 
Table 2.5: MOX mass fraction in the outer zone 
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Figure 2.7: Fuel assembly scheme, in purple the fuel, in blue the coolant and in yellow the structural material  
  
Lower axial reflector 
Upper axial reflector 
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3. The MCNP6 model of the ESFR core 
3.1 The MCNP6 code 
MCNP6™ is a general-purpose, continuous-energy, generalized-geometry, time-
dependent Monte Carlo radiation-transport code designed to track many particle 
types over broad ranges of energies. Although MCNP6 is simply and accurately 
described as the merger of MCNP5 and MCNPX capabilities, the result is much more 
than the sum of these two computer codes. MCNP6 represents the culmination of a 
multi-year effort to merge the MCNP5™ [16] and MCNPX™ [17] codes into a single 
product comprising all features of both. With respect to previous versions of MCNP, 
the MCNP6 code has been expanded to handle a multitude of particles and to include 
model physics options for energies above the cross-section table range, a material 
burnup feature, and delayed particle production. Expanded and/or new tally, source, 
and variance-reduction options are available to the user as well as an improved 
plotting capability. The capability to calculate keff eigenvalues for fissile systems 
remains a standard feature. While maintenance and bug fixes will continue for MCNP5 
v.1.60 and MCNPX v.2.7.0 for upcoming years, new code development capabilities will 
be developed and released only in MCNP6. In fact, this initial production release of 
MCNP6 (v. 1.0) contains 16 new features not previously found in either code. These 
new features include (among others) the abilities to import unstructured mesh 
geometries from the finite element code Abaqus, to transport photons down to 1.0 eV, 
to model complete atomic relaxation emissions, and to generate or read mesh 
geometries for use with the LANL discrete ordinates code PARTISN [18]. 
In particular, it can be used for neutron transport, criticality and burn up calculations. 
Its main advantage is the ability to handle without approximations almost any complex 
three-dimensional geometry. Furthermore, the stochastic transport calculations can be 
performed making use of continuous-energy cross section libraries which allow for a 
very detailed estimate of the tally energy dependence. 
The MCNP6 differs from its predecessors being the first version of the code which 
integrates all the features of MCNP5 and MCNPX providing, therefore, the capability to 
perform burn up calculations with the depletion code CINDER90 [10]. In this case, a 
predictor/corrector method is used to calculate the nuclide inventory within the fuel 
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pins. As a consequence, two criticality calculations are needed for each burn up 
interval to accomplish the prediction and correction steps. In order to achieve burn up 
results with an adequate statistical error it is necessary to properly estimate the 
number of neutrons per cycle and the total number of cycles to be run for each 
criticality calculation [19]. 
MCNP6 also provides seven standard tally types. The tallies are normalized per starting 
(source) particle with the exception of criticality problems, where they are normalized 
instead per fission neutron. In both cases, appropriate scaling factors must be applied 
in order to normalize the results to the actual power of the system [20]. 
3.2 Nuclear Data & Cross Section file 
Apart from the default cross sections libraries that are supplied with the installation of 
MCNP6, two more libraries are available at JRC–IET, namely, the Joint Evaluated 
Fission and Fusion File (JEFF), version 3.1.2 and 3.2. Although the 3.2 version is the 
latest release (March 2014), its use is not recommended as several faulty cross section 
files were found inside it during previous calculations [8]. In fact during the previous 
study it was noticed that the links of the xsdir file were not well developed and often 
happened that for different isotopes the cross sections files were the same. On the 
other hand, the JEFF-3.1.2 library [21], which has been used in this work, is more 
reliable having only a few files which are known to be faulty [21]. 
The general-purpose JEFF-3.1.2 library is distributed by the NEA DATABANK already in 
the ACE format which can be directly used by MCNP6 This library includes data for all 
the relevant isotopes at different temperatures in the range between 293 and 1800 K 
with an average error of ~2% [22]. During the calculations, some of the cross section 
files of the JEFF-3.1.2 library were identified to be defective and it was decided to 
replace them with the corresponding files available with the default MCNP6 ENDF/B-
VII.1 cross sections library [23]. The list of the JEFF-3.1.2 files replaced by the ENDF/B-
VII files is shown in Table 3.1. In particular for the different material the library 
numbers which are used are shown in Table 3.2. All the cross section files are given to 
a referred temperature (Table 3.5). 
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Isotopes  
50V 153Gd 
51V 156Dy 
64Zn 158Dy 
65Zn 168Tm 
66Zn 169Tm 
67Zn 170Tm 
68Zn 231Th 
70Zn 239U 
69Ga 240U 
71Ga 240Am 
74As 241Cm 
113Sn 245Bk 
133Ba 246Bk 
136Ce 248Bk 
138Ce  
139Ce  
Table 3.1: Replaced isotopes for the burnup calculation, not present in the JEFF 3.1.2 
 Libraries Replacing Libraries 
Fuel .15c .83c 
Coolant .07c / 
Helium Gap .07c / 
Radial Reflector .07c / 
Structural Materials .07c / 
Control Rods & Control Rod followers .09c / 
Table 3.2: JEFF-3.1.2 used in the different region for this study 
3.3 Burnup card in MCNP6 
The MCNP6 has the ability to perform burn up calculations with the depletion code 
CINDER90 [10]. For the evaluation of the nuclide inventories, the predictor/corrector 
method is used. This method requires two criticality calculations per burn up interval 
for the prediction and correction steps. The criticality simulations, based on the same 
number of cycle and same number of neutron histories per cycle, are needed in order 
to estimate the evolution of material compositions, the increasing/decreasing of 
activity and the change in the keff. MCNP6 depletion is a linked process involving 
steady-state flux calculations in MCNP6 and nuclide depletion calculations in 
CINDER90. MCNP6 runs a steady-state calculation to determine the system eigenvalue, 
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63-group fluxes, energy-integrated reaction rates, fission multiplicity (𝜈) and 
recoverable energy per fission (Q values). CINDER90 then takes these results and 
performs the depletion calculation to generate new number densities for the next time 
step. MCNP6 takes these new number densities and generates another set of fluxes 
and reaction rates. The process repeats itself until the final time-step specified by the 
user [18]. 
Steady-state particle transport in MCNP6 includes only isotopes listed on the material 
cards, selected a fission product tier (Table 3.3, Table 3.4), or produced by the isotope 
generator algorithm. This algorithm captures only the daughter reactions of the 
isotopes specified on the material card: not the entire isotope decay chain. These 
daughter products are depicted in Figure 3.1. 
Steady-state particle transport in MCNP6 includes only those isotopes listed on the 
material cards, selected from a fission product tier or produced by the isotope 
generator algorithm. This algorithm captures only the daughter reactions of the 
isotopes specified on the material card and not the entire isotope decay chain. The 
considered daughter products are those depicted in Figure 3.1 where the location of 
the daughter is shown as a function of the nuclear process creating it. To track the 
buildup of additional decay-chain isotopes in the transport calculation, the isotopes 
must be listed on the material card [18]. If decay-chain isotopes of interest are not 
initially present, the workaround suggested by the manual is to add them to the 
material card by providing the appropriate isotope identifiers with low atomic/weight 
fraction values (e.g. 10-36). 
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Table 3.3: Fission product content within each burnup tier part 1 [18] 
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Table 3.4: Fission product content within each burnup tier part 2 [18] 
 
Figure 3.1: Products of various nuclear processes from Chart of the Nuclides [18] 
If not differently specified by MCNP6, CINDER90 uses inherent intrinsic cross-section 
and decay data to track the time-dependent reactions of 3400 isotopes. MCNP6 can 
only track energy-integrated reaction-rate information for isotopes containing 
transport cross sections. For isotopes not containing transport cross-section 
information, MCNP6 calculates a 63-group flux that is sent to CINDER90. This flux data 
then is matched with a 63-group cross-section set inherent within CINDER90 to 
generate 63-group reaction rates. These resultant reaction rates are then energy 
integrated to determine the total reactions occurring. 
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Burnup is given in units of 𝐺𝑊𝑑 𝑀𝑇𝑈⁄  where 𝑀𝑇𝑈 namely stands for metric tons of 
uranium but it actually represents the sum of masses of isotopes containing 90 or 
more protons [18]. 
3.4 ESFR MCNP model, input file and modifications 
The work of this thesis started from an MCNP6 input file of the ESFR core developed by 
H. Tsige-Tamirat in 2014 [19]. The core modelled by this file has all the control rods 
extracted from the active core region, i.e. only the follower is inside the reactor core. 
The follower material was modelled as homogenized mixture (92%wt. of sodium and 
8%wt. of steel). As described in the sections 2.1 and 2.2, the reactor core has two 
regions with different fuel composition. However, in the MCNP6 model the inner 
region has been further divided into 3 different zones; this was necessary because 
during the burnup calculation the consumption of the fuel is different along the radius 
following the particular radial power shape. The new material composition is averaged 
by the code on the total volume of the material that is burnt, in that way the 
estimation of the EoC composition is more precise (Figure 3.3). The model has a 
symmetry axis that allows to study only half of the reactor. The radial shielding, 
outside the reflector, is not relevant for the purpose of the neutronic calculations and 
a void boundary condition is thus applied to the outer surface of the radial reflector 
[15]. 
To limit the calculation errors it is convenient to define each material making use of 
cross section files evaluated at the closer temperature to that which is expected for 
the component where the material is used. Table 3.5 shows the difference between 
the expected temperature and the temperature at which the cross sections used have 
been evaluated. 
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  Temperature Expected Temperature 
Coolant, Gap, Reflector, Structural 
Materials 
.07c 700 𝐾 770 𝐾 
Control Rods, Control Rod followers .09c 900 𝐾 970 𝐾 
Fuel .15c 1500 𝐾 1527 𝐾 
Fuel .83c 1200 𝐾 1527 𝐾 
Table 3.5: Design temperatures for different parts of the reactor VS library temperatures 
 
 
Figure 3.2: ESFR model cuts given by the plot command in MCNP 
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Figure 3.3: Radial discretization present in the original MCNP input file 
In Table 3.6 is well defined the number of fuel assemblies that each discretization zone 
has. The inner zone, in light green, has 30 fuel assemblies, the first zone, in green, has 
81 fuel assemblies and the second zone, in purple, has 114 fuel assemblies. The outer 
region was not discretised. 
For what concerns the source used for the first cycle a default fission source was 
selected and it was positioned in the origin of the model (Figure 3.2). 
 Colour Number of Fuel Assemblies 
Inner Zone Light Green 30 
First Zone Green 81 
Second Zone Purple 114 
Outer Zone Light blue 228 
Reflector Yellow 330 (Radial) + 1 (Central) 
Table 3.6: Legend for radial discretization described in Figure 3.3 
Symmetry axis 
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In the chapter 1 the purpose of this study was provided: research of the fuel pin power 
profile under an unprotected transient overpower at EoC. To achieve these conditions 
it was necessary to make some modifications on the original input file. 
1. First of all the study had to be done starting from the critical conditions and to 
achieve them it was necessary to insert two horizontal planes with distance of 1 
m [15] in order to simulate the motion of the control rods; 
2. Then the burnup calculation could be started, but to see the effect of the 
insertion inside the active core region of the CSDs, it was necessary to make an 
axial discretization. These discretization were done inserting 4 horizontal planes 
with distance of 20 𝑐𝑚 between them; 
3. Once arrived to the EoC conditions in order to simulate the UTOP it was 
necessary to insert a new universe (a repeated geometry in the reactor core 
lattice). 
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4. Preliminary calculations 
The main goal of this study was to evaluate the axial and radial power shape of the 
reactor core to identify the power peaked pin after the insertion of a reactivity 
corresponding 1 year of EFPD (EoC conditions). 
The input file described in 3.4 was developed at BoL with fresh fuel, so some necessary 
arrangements were done in order to have an input file able to simulate the accidental 
scenario. 
The preliminary stages can be divided in three steps: 
1) The BoL initial stage, which defined the time when the fuel was inserted. At this 
stage, all existing fuel in the core is fresh. In this condition the research of the 
correct position of CSDs to obtain keff = 1 was performed. 
2) The second step was to get the material composition at EoC in order to proceed 
with the analysis of the accidental scenario. The duration of the burn-up cycle 
was defined as being 365 EFPD, a typical refuelling interval for most types of 
nuclear fast reactors [24]. Burnup calculations were performed to obtain the 
isotope composition of the fuel at EoC. 
3) The third stage was referred to the EoC, which defined as the reactor condition 
after the fuel has reached its target burn-up. In these conditions the power 
analysis at fuel assembly level was started. This step was important to 
understand in which region the power was higher and to choose the power 
peaked fuel assemblies. 
4.1 Simulation of the reactor criticality 
The first step of this study was to find the correct position of CSDs in order to achieve 
the criticality 𝑘𝑒𝑓𝑓 = 1 at BoL. This was done starting from the critical conditions and 
inserting two horizontal planes with distance of 1 m [15] in order to simulate the 
motion of the control rods. These two planes were inserted because in the original 
input file the active part of the control rods was fixed outside the core and so there 
was no reason to distinguish the plane that defined the top of active core and the CSD 
active part-follower interface (see Figure 3.2). 
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Figure 4.1 shows the CR insertion in the active region and the appearance of the 
handling system. Because of the absence of data about material and geometry of this 
system: the handling system materials and geometry were considered equal to the 
control rod follower. 
 
Figure 4.1: Insertion of two CSDs in the active part of the reactor and handling system. 
The first important factor to be computed is the effective neutron multiplication 
factor (𝑘𝑒𝑓𝑓). From a computational point of view, three principal concerns must be 
addressed to perform the calculations correctly [25]: 
1. A sufficient number of initial cycles must be discarded prior to 
beginning the evaluation of tallies, so that contamination of the 
results by the initial source guess becomes negligible.  
2. Sufficient numbers of neutrons must be followed in each cycle so 
that the bias in 𝑘𝑒𝑓𝑓 and reaction rate tallies become negligible. 
3. Bias in the statistics on 𝑘𝑒𝑓𝑓 and reaction rate tallies must be 
recognized and dealt with.  
According to Brown [25], if only one or a few source points are used, more cycles will 
be needed to reassure convergence. Source guesses with single points require 
significantly more than 50 to 100 cycles to converge (such as certain types of LWR 
and/or very high temperature reactor (VHTR) problems) but for fast reactors 
convergence is faster due to the longer mean free paths of neutrons and typically 
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smaller physical dimensions of reactor cores [26]. In this case, 50 calculation cycles are 
discarded (i.e., considered inactive) in the total of 500 cycles resulting finally in 450 
active cycles. The number of neutrons is set to 3 ∙ 104 per cycle ensuring a negligible 
bias in 𝑘𝑒𝑓𝑓. 
The first calculations were done in the following planesZ=0 cm, Z=5 cm, Z=12.5, cm, 
Z=20 cm, Z=25 cm, Z=50 cm, Z=75 cm, Z=80 cm, Z=87.5 cm, Z=95 cm and Z=100 cm. 
Where 𝑍 represents the insertion of the CSDs inside the active core region from the 
top (Z = 0 corresponded to the control rods completely withdrawn by the active core 
region). The Z interval was chosen denser in the upper/lower region because in that 
part of the reactor the variation of keff is smaller and the interval was decreased. In the 
Figure 4.2 is shown the trend of keff vs CR insertion: 
 
Figure 4.2: Keff VS CR insertion, (NB: the x axis represents the insertion of the CRs in the active core Z=0 completely 
withdrawn - Z = 100 completely inserted) 
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The error bars represent the 3 standard deviation interval, corresponding to the 99.7% 
confidence interval [27]272. In particular the error with this number of neutron 
histories and cycles the error was 0.036%. 
As shown from Figure 4.2, more calculations have been performed in the interval 73 ≤
 𝑍 ≤ 81 𝑐𝑚  with the same number of neutrons and the same number of cycles as the 
previous calculations (the error is below 0.036%). 
These specific calculations have shown that  𝑘𝑒𝑓𝑓 = 1 is between 76 and 79 𝑐𝑚. 
For the next simulations the critical position selected is in the middle of the interval 
above 77.5 𝑐𝑚 where the value of 𝑘𝑒𝑓𝑓 = 0.99998 ± 0.00036 (Figure 4.3). 
 
Figure 4.3: Keff VS CR insertion in the interval 73≤ Z ≤81 cm and interval where the reactor can be considered critical 
  
                                                     
2 All the next calculation will have error bars that show the deviation standard multiplied by three. 
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4.2 Delayed neutron fraction 
During normal operations, the reactor is critical with the combinations of prompt 
neutrons and delayed neutrons. When the reactor is critical only with prompt neutrons 
is called prompt critical; to get the prompt critical conditions is necessary to insert a 
reactivity equivalent to the delayed neutron fraction (𝛽). This value can be expressed 
in terms of pcm, mK, µK or $ [12]. 
In literature the delayed neutron fraction (f.d.n.) for ESFR is found to be available 
about 390 𝑝𝑐𝑚 [19]. It is possible to use MCNP to confirm this value through the use 
of the totnu card, which specifies the type of neutrons (total or prompt). If in the input 
file is not specified anything, the code by default uses the total neutron spectrum. 
Instead, if in the input file is specified totnu no the code will simulate the problem only 
using the prompt neutrons. 
In that case at BoL two 𝑘𝑒𝑓𝑓 calculations were done using a special cross section 
libraries developed by the software NJOY (3 ∙ 105 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠). The first calculation was 
done by considering the total spectrum, the other one only with the fast spectrum. 
These two calculations were necessary because to express the f.d.n. there was the 
necessity to combine two different keff. 
The combination of these results gave a value of 397 𝑝𝑐𝑚 with a relative error 
of ~6%. This value is also equivalent to 1$. 
4.3 Fuel depletion or burnup 
The atomic densities of various isotopes in a reactor core continually change due to 
nuclear processes such as fissions, neutron captures or radioactive decays. For 
example, fission events reduce the concentration of fissile isotopes while neutron 
capture events reduce fertile nuclide concentrations while building up the 
concentrations of transmutation products. In addition, fission reactions produce a 
large variety of fission product nuclides most of which are radioactive and will 
subsequently decay into other isotopic species [28]. 
It is extremely important to monitor the isotopic composition of the core during the 
reactor operation, since changes in core composition can affect the core multiplication 
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factor as well as flux and power distributions. Certainly, the prediction of fuel 
depletion and conversion in the core is essential for the determination of fuel loading 
requirements [28]. 
The analysis of core composition changes is complicated by the fact that its time and 
spatial variation in isotopic composition depends on the neutron flux distribution 
which depends itself on core composition. Fortunately, changes in core composition 
occur relatively slowly (on time scales of hours, days or even months) so that the 
reactor core can always be kept in a critical state by control devices [28]. 
The longer term process is normally called fuel depletion or burnup [28]. 
Burnup analysis is concerned with predicting the long-term changes in reactor fuel 
composition caused by the exposure to the neutron flux during the reactor operation. 
Such changes have an important bearing on the operating life of a reactor, as well as 
on its stability and control. One must first ensure in that the shift in the core power 
distribution that accompanies the fuel burnup does not result in the exceeding the 
core thermal limitations. Sufficient excess reactivity must be provided in the fresh core 
loading to achieve the desired fuel exposure (consistent with safety limitations). And, 
of course, a detailed analysis of core composition is necessary in order to optimize the 
fuel exposure to achieve minimum power costs as well as to determine the amount of 
fissile material burnt and produced [28]. 
A variety of nuclear processes must be monitored during a depletion (burnup) study; in 
particular, the consumption of fissile nuclides (fuel burnup). However, one must also 
account for the conversion of fertile isotopes into fissile isotopes and the production of 
numerous fission products. Finally, one must monitor the reactivity balance to ensure 
the core criticality (usually by determining the change in reactivity over a cycle and 
then adjusting control rods to compensate for this reactivity change) [28]. 
For the purpose of this study, this burnup step was fundamental to estimate the fuel 
material composition at EoC. 
All the corresponding specifications for the burnup card in MCNP were explained in the 
Appendix 3.  
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4.3.1 ESFR fuel burnup 
For the ESFR one cycle corresponds to one year of EFPD [4]. Before starting the 
calculation another modification was developed in the input file (section 3.4); to see 
the effect of the insertion inside the active core region of the CSDs 4 horizontal planes 
were inserted in the model with distance of 20 𝑐𝑚 between them (the CSDs were kept 
in the position of Z = 77.5 cm) 
To get it 12 intervals were set (Table 4.1). Before running the calculation was necessary 
to "burn" a bit the fuel because the MCNP does not work properly if it is loaded with 
fresh fuel. This trick can be justified through the light green curve in the Figure 4.4, in 
fact after 32 days the curve starts to increase until a value of ~230 𝑝𝑐𝑚 at the EoC. 
Therefore, in this case, the procedure is to set a brief calculation (2 day fuel burnup) 
and then to update the materials with the new concentration obtained. 
At the end of this brief calculation, it is possible to start the one year burnup 
calculation, which is performed with the timesteps shown in Table 4.1: 
1
2⁄ 𝑑𝑎𝑦 
1 𝑑𝑎𝑦 
1.5 𝑑𝑎𝑦𝑠 
4.5 𝑑𝑎𝑦𝑠 
7.5 𝑑𝑎𝑦𝑠 
15 𝑑𝑎𝑦𝑠 
60 𝑑𝑎𝑦𝑠 
60 𝑑𝑎𝑦𝑠 
60 𝑑𝑎𝑦𝑠 
60 𝑑𝑎𝑦𝑠 
60 𝑑𝑎𝑦𝑠 
35 𝑑𝑎𝑦𝑠 
Table 4.1: Burnup timesteps for the 1 year calculation 
Under which duration the flux was assumed to be constant. As in the case of the 
research of control rod critical position the number of neutron histories selected 
was 3 ∙ 104 and the number of cycles are 500 with the first 10% inactive. The selected 
materials for the calculation are only the fuel materials and not the CSD material that 
in reality has some changes because is composed by boron carbide. 
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In each step the code provides to a series of outputs like keff, mass, atomic density… 
In the Figure 4.4 is possible to see how the reactivity changes during the burnup 
evolution. 
𝜌 =
𝑘𝑒𝑓𝑓 − 1
𝑘𝑒𝑓𝑓
∙ 105 [𝑝𝑐𝑚] 
𝛿𝜌𝑖
𝜌𝑖
= 105 ∙ √(
𝛿(𝑘𝑒𝑓𝑓 − 1)
𝑘𝑒𝑓𝑓 − 1
)
2
+ (
𝛿𝑘𝑒𝑓𝑓
𝑘𝑒𝑓𝑓
)
2
 [27] 
 
Figure 4.4: ρ VS Time, three different shapes that shows why the burnup calculation cannot be done starting from 
BoL 
About the light green curve an explanation of this behaviour was already given, instead 
for the blue and the red curves, it was possible to extrapolate that the shapes are really 
both similar each other and these shapes are similar with the previous study [8]. 
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Figure 4.5: ρ VS Time, three different shapes in the first 32 days 
The reactivity at BoL is approximately zero and at EoC is between −75 𝑝𝑐𝑚 ≤ 𝜌𝐸𝑜𝐶 ≤
−93 𝑝𝑐𝑚 and this confirms an old study made by the use of another simulation code 
program [29]. 
4.3.2 Fuel evolution during burnup 
As explained in the section 4.3.1, the MCNP6 burnup card provides also the mass of 
the selected isotopes step by step. 
Before providing the charts regarding the fuel burnup Table 4.2 shows the isotopes 
omitted by the calculation because of the unavailability of cross sections in the 
libraries (both JEFF3.1.2 and ENDF/B-VII.1). 
In the Figure 4.6 to Figure 4.10 is possible to see the evolution of some selected 
actinides in the whole reactor. The nuclide trends were linear. 
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𝐶12 , 𝐶13 , 
 𝐶14  
𝑀𝑛51 , 𝑀𝑛52 , 
𝑀𝑛53 , 𝑀𝑛54 , 
𝑀𝑛56 , 𝑀𝑛57 , 𝑀𝑛58  
𝑁𝑏,91  𝑁𝑏,92  𝑁𝑏,96  
𝑁𝑏, 𝑁𝑏, 𝑁𝑏999897  
𝐶𝑒137  
𝑁16  𝐹53 𝑒, 𝐹55 𝑒, 𝐹59 𝑒, 
  𝐹60 𝑒, 𝐹61 𝑒 
𝑀𝑜91 , 𝑀𝑜93 , 
 𝑀𝑜101  
𝑁𝑑149  
𝑂18  𝐶𝑜57 , 𝐶𝑜, 𝐶𝑜6160 , 
𝐶𝑜, 𝐶𝑜63 , 𝐶𝑜6462  
𝑇𝑐,97 𝑇𝑐 98  𝑃𝑚145 , 𝑃𝑚146  
𝐹18  𝑁𝑖,57  𝑁𝑖,63  
 𝑁𝑖65  
𝑅𝑢 97  𝑆𝑚145 , 𝑆𝑚146  
𝑁𝑒20 , 𝑁𝑒21 , 
𝑁𝑒22 𝑁𝑒23  
𝐶𝑢62 , 𝐶𝑢64 , 
𝐶𝑢66  
𝑅ℎ104 , 𝑅ℎ106 , 
𝑅ℎ107 , 𝑅ℎ108  
𝑅ℎ109 , 𝑅ℎ110 , 𝑅ℎ111  
𝐺𝑑150 , 𝐺𝑑151 , 
𝐺𝑑159  
𝑀𝑔27  𝑍𝑛69  𝑃𝑑103 , 𝑃𝑑109 , 
𝑃𝑑111 , 𝑃𝑑112  
𝐷𝑦157 , 𝐷𝑦159  
𝐴𝑙,26  𝐴𝑙28  𝐺𝑎70  𝐴𝑔106 , 𝐴𝑔108  𝐻𝑜164 , 𝐻𝑜166  
𝑆𝑖,27  𝑆𝑖31  𝐺𝑒,71  𝐺𝑒 75  𝐶𝑑107 , 𝐶𝑑109  𝐸𝑟165 , 𝐸𝑟169  
𝑆31  𝐴𝑠, 𝐴𝑠 73  72  𝐼𝑛114 , 𝐼𝑛116 , 
𝐼𝑛117 , 𝐼𝑛118 , 
𝐼𝑛119 , 𝐼𝑛120 , 𝐼𝑛121  
𝑇𝑚166 , 𝑇𝑚167 , 
𝑇𝑚171 , 𝑇𝑚172  
𝐶𝑙34  𝑆𝑒75 , 𝑆𝑒81  𝑆𝑛121  𝑌𝑏168 , 𝑌𝑏169  
𝑌𝑏170 , 𝑌𝑏,171  
𝑌𝑏172 , 𝑌𝑏173  
𝐶𝑎45 , 𝐶𝑎47  𝐵𝑟80  𝑆𝑏122  𝐿𝑢173 , 𝐿𝑢174  
𝑆𝑐44 , 𝑆𝑐46 , 
𝑆𝑐47 , 𝑆𝑐48  
𝐾𝑟81  𝑇𝑒121  𝑅𝑎227  
𝑇𝑖,45  𝑇𝑖51  𝑆𝑟85  𝐼128 , 𝐼132 , 
𝐼133 , 𝐼134  
𝐴𝑐228  
𝑉47 , 𝑉48 , 𝑉49  
𝑉52 , 𝑉53 , 𝑉54  
𝑌86 , 𝑌87 , 𝑌88 , 
𝑌92 , 𝑌93   
𝑋𝑒127  𝑃𝑢245  
𝐶𝑟51 , 𝐶𝑟55 , 
𝐶𝑟56 , 𝐶𝑟59  
𝑍𝑟88 , 𝑍𝑟89 , 𝑍𝑟97  𝐵𝑎131  𝐸𝑠246 , 𝐸𝑠, 𝐸𝑠,248247  
𝐸𝑠249 , 𝐸𝑠, 𝐸𝑠, 𝐸𝑠,252251250  
Table 4.2: Omitted isotopes during the burnup calculation because of the absence of the cross section data 
Omitted Isotopes 
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Figure 4.6: Evolution of masses of 235U, 238Pu, 241Pu and 241Am during one year burnup 
 
Figure 4.7: Evolution of mass of 238U during one year burnup 
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Figure 4.8: Evolution of masses of 239Pu, 240Pu and 242Pu during one year burnup 
 
Figure 4.9: Evolution of masses of 237Np, 243Am and 242Cm during one year burnup 
0
10000
20000
30000
40000
50000
60000
70000
0 50 100 150 200 250 300 350 400
M
as
s 
[k
g]
Time [days]
One year Burnup [kg]
Pu 239
Pu 240
Pu 242
0
50
100
150
200
250
300
350
400
450
500
0 50 100 150 200 250 300 350 400
M
as
s 
[k
g]
Time [days]
One year Burnup [kg]
Np 237
Am 243
Cm 242
47 
 
 
Figure 4.10: Evolution of masses of 243Pu and 244Pu during one year burnup 
From these graphs it was possible to conclude that: 
 238U, 235U, 238Pu and 241Pu are burnt. 
 241Am and 239Pu accumulate. 
 237Np, 243Am and 242Cm are produced. 
 243Pu and 244Pu are produced in smaller quantities. 
From the BoL and the EoC the difference in terms of mass for the initial isotopes is 
schematized in the Figure 4.11 and Figure 4.12: 
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Figure 4.11: Mass comparison between BoL and EoC for major actinides 
 
Figure 4.12: Increment/Decrement % for initial isotopes respect to the BoL condition 
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It was possible to say that the reactor burns about 3% of 𝑈238  𝑎𝑛𝑑  𝑃𝑢242 , 17% 
of 𝑈 235 , 13% of 𝑃𝑢239  𝑎𝑛𝑑 𝑃𝑢241 ; on the other side the mass quantity of 𝐴𝑚241  grew 
by 26% and the mass of 𝑃𝑢239  grows by 7 ÷ 8%. 
It is also important to stress the percentage increasing of 𝑃𝑢239  in the different 
regions: the outer region the production results lower than in the other ones. This is 
due to the less presence of 𝑈238  in that zone (section 2.2, Figure 4.12) 
These considerations can help to make some important conclusions about the core 
design answering to a question posed in section 2.2 about the presence of 𝐴𝑚241 : 
 𝐴𝑚241  was inserted at BoL because it is a decay product of 𝑃𝑢241 . In fact the 
entire americium vector would have been loaded if the purpose had been to 
burn it. And for the same reason 𝐴𝑚 241 was not present because it was not 
separated by the plutonium during a reprocessing process. 
 ESFR is not a good breeder reactor; this will be explained in detail in the 
chapter 4.3.4. 
4.3.3 Burnup per region 
The reactor is divided in 4 radial regions where the first 3 are characterized by the 
same initial fuel enrichment. 
Next figures (from Figure 4.12 to Figure 4.20) show the burnup evolution per region 
(Inner and Outer) and the shapes are similar with the general trend apart from the 
outer region where is possible to see some differences. 
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Figure 4.13: Evolution of masses of 235U, 238Pu, 241Pu and 241Am during one year burnup, Inner Zone 
 
Figure 4.14: Evolution of mass of 238U during one year burnup, Inner Zone 
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Figure 4.15: Evolution of masses of 239Pu, 240Pu and 242Am during one year burnup, Inner Zone 
 
Figure 4.16: Evolution of masses of 237Np, 243Am and 242Cm during one year burnup, Inner Zone 
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Figure 4.17: Evolution of masses of 235U, 238Pu, 241Pu and 241Am during one year burnup, Outer Zone 
 
Figure 4.18: Evolution of mass of 238U during one year burnup, Outer Zone 
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Figure 4.19: Evolution of masses of 239Pu, 240Pu and 242Pu during one year burnup, Outer Zone 
 
Figure 4.20: Evolution of masses of 237Np, 243Am and 242Cm during one year burnup, Outer Zone 
As just said the main differences appear in the outer region. In fact in this part of the 
reactor it is possible to see more burnup of fuel material and more 𝐴𝑚241  is 
accumulated than the rest of reactor. 
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4.3.4 Breeding considerations 
The only naturally occurring fissile material is 235U but, as this reactor shows, other 
fissile materials like 239Pu and 241Pu can be produced by the absorption of neutrons in 
particular isotopes. This process is called conversion or breeding. In the origin [12] fast 
reactors were conceived to breed nuclear fuel by converting fertile materials to fissile 
materials. A reactor in which the fissile material produced from fertile material is the 
same as the consumed fissile material is known as breeder reactor. 
Breeding of nuclear fuel is mostly achieved by two nuclear conversion processes in 
which fissile nucleus is produced by neutron capture in fertile nucleus. 
 
Due to breeding some extra neutrons are available and considering the multiplication 
factor (𝑘𝑒𝑓𝑓)  expressed by the famous six-factor formula: 
𝑘𝑒𝑓𝑓 = 𝜂𝜀𝑝𝑓𝑃𝑡𝑃𝑓 
 
Figure 4.21: η as a function of neutron energy for different isotopes [28] 
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If a core is loaded with fertile material the extra neutron produced can be used to 
produce fissile material in a region called blanket, which normally surrounds the active 
core region. 
To discuss this concept in more detail, it is useful to define the conversion ratio (CR) as 
[24], [28]: 
𝐶𝑅 =
𝐹𝑖𝑠𝑠𝑖𝑙𝑒 𝑎𝑡𝑜𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑎𝑡𝑒 
𝐹𝑖𝑠𝑠𝑖𝑙𝑒 𝑎𝑡𝑜𝑚 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑎𝑡𝑒 
  
When CR > 1 it is usually called breeding ratio. Other definitions of the CR factor can be 
found in literature, such as: 
1. Ratio between the mass of fissile isotopes at EoC over the mass of fissile 
isotopes at BoL [12] [24]; the breeding ratio value is given at EoC; 
2. Ratio between the fissile material quantity produced (FP) during irradiation to 
the amount of destroyed fissile material (FD) (integral definition) (even in this 
case the breeding ratio can be provided at EoC) [24] [30]: 
𝐵𝑅 =
𝐹𝑃
𝐹𝐷
 
3. Ratio between fissile material production and destruction rate (differential 
definition), which can be calculated at any moment of the irradiation history, 
once the flux spectrum, cross sections and number densities are known [24] 
[30]. 
𝐵𝑅 =
𝐹𝑖𝑠𝑠𝑖𝑙𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
𝐹𝑖𝑠𝑠𝑖𝑙𝑒 𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
 
Since the fissile nuclides have different nuclear properties, a weighting is generally 
required but not necessary [30]. This weighting is normally the number of neutrons per 
fissions per isotopes. 
The considered ESFR is designed without the blanket, so it is expected that its breeding 
ratio will be not really high. Generally, in a fast reactor it is difficult to define which 
isotopes are fissile or fertile, because over a certain threshold energy the fission cross 
section of all the actinides start to grow up and then the probability that a fission event 
occur also in fissionable nuclides becomes not any more negligible [24]. In this work 
the breeding ration was estimated by means of the second and third definition, and to 
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this purpose the produced and destroyed amounts of fissile materials were calculated 
the following data were considered: 
𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑃𝑜𝑤𝑒𝑟 [𝑊] = 3.6 ∙ 109 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑓𝑖𝑠𝑠𝑖𝑜𝑛 [𝑀𝑒𝑉 𝑓𝑖𝑠𝑠𝑖𝑜𝑛] = 195⁄  
𝑇𝑖𝑚𝑒 𝑜𝑓 1 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑦𝑐𝑙𝑒 [𝑦] = 1 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑀𝑒𝑉 𝑡𝑜 𝐽 [𝐽 𝑀𝑒𝑉] = 1.602 ∙ 10−13⁄  
𝐴𝑐𝑡𝑖𝑛𝑖𝑑𝑒 𝑎𝑡𝑜𝑚𝑖𝑐 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑎𝑡𝑜𝑚𝑠 𝑐𝑚3] = 2.104 ∙ 1022⁄  
𝐴𝑐𝑡𝑖𝑛𝑖𝑑𝑒 𝑠𝑚𝑒𝑎𝑟 𝑚𝑎𝑠𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑔 𝑐𝑚3⁄ ] = 8.332 
Then it was possible to estimate the number of fissioned atoms through the following 
formula: 
𝑓. 𝑎𝑡𝑜𝑚𝑠 =
(𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑃𝑜𝑤𝑒𝑟 [𝑊])(𝑇𝑖𝑚𝑒 𝑜𝑓 1 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑦𝑐𝑙𝑒 [𝑠])
𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑓𝑖𝑠𝑠𝑖𝑜𝑛 [𝐽]
= 3.634 ∙ 1027 
In order to determine the corresponding fissioned volume, it was necessary to divide 
the number of fissioned atoms by the total actinide atomic density: 
𝑓𝑖𝑠𝑠. 𝑣𝑜𝑙𝑢𝑚𝑒 [𝑐𝑚3] = 1.727 ∙ 105 
In the end, multiplying by the actinide mass density it was possible to estimate the 
total fissioned mass of actinides at EoC: 
𝑓𝑖𝑠𝑠. 𝑚𝑎𝑠𝑠 [𝑔] = 1.44 ∙ 106 
With this value it was possible to apply the next formula to estimate the breeding 
ratio: 
𝐵𝑅 =
𝐹𝑃
𝐹𝐷
=
𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑓𝑖𝑠𝑠𝑖𝑙𝑒 𝑚𝑎𝑠𝑠 (𝐸𝑜𝐶) + 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑖𝑠𝑠𝑖𝑙𝑒 𝑚𝑎𝑠𝑠 (𝐸𝑜𝐶) + 𝐹𝑖𝑠𝑠𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑚𝑎𝑠𝑠
𝐹𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 𝑚𝑎𝑠𝑠 + 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑚𝑎𝑠𝑠
 
In this formulation: 
𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑓𝑖𝑠𝑠𝑖𝑙𝑒 𝑚𝑎𝑠𝑠 (𝐸𝑜𝐶) = ∆𝑚𝑃𝑢 𝑉𝑒𝑐𝑡𝑜𝑟 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑖𝑠𝑠𝑖𝑙𝑒 𝑚𝑎𝑠𝑠 (𝐸𝑜𝐶) = ∆𝑚 𝑈235   
𝐹𝑖𝑠𝑠𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑚𝑎𝑠𝑠 = 𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 𝑚𝑎𝑠𝑠 − ∆𝑚𝐶2 
𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑚𝑎𝑠𝑠 = ∆𝑚𝐴𝑚 𝑉𝑒𝑐𝑡𝑜𝑟 + ∆𝑚𝐶𝑚 𝑉𝑒𝑐𝑡𝑜𝑟 + ∆𝑚 𝑈236  
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Where ∆𝑚 represents the mass difference between EoC and BoL and “vector” means 
that all the isotopes of this element are considered. In this way, the breeding ratio at 
EoC could be estimated as: 
𝐵𝑅𝐸𝑜𝐶 =
𝐹𝑖𝑠𝑠. 𝑀𝑎𝑠𝑠 +  ∆𝑚𝑃𝑢 𝑉𝑒𝑐𝑡𝑜𝑟 + ∆𝑚 𝑈235
𝐹𝑖𝑠𝑠. 𝑀𝑎𝑠𝑠 +  ∆𝑚𝐴𝑚 𝑉𝑒𝑐𝑡𝑜𝑟 + ∆𝑚𝐶𝑚 𝑉𝑒𝑐𝑡𝑜𝑟 + ∆𝑚 𝑈236
= 1.006 
Instead, with the third definition itis necessary to make two assumptions before 
proceeding to the BR calculation: 
 Weight factors equal to one. 
 All the 238U reactions were considered as production reactions. 
To apply the next formula: 
𝐵𝑅 =
𝐹𝑖𝑠𝑠𝑖𝑙𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
𝐹𝑖𝑠𝑠𝑖𝑙𝑒 𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
=
∑ 𝐹4102
𝑛
𝑖=1
∑ 𝐹4102 + ∑ 𝐹4−6
𝑛
𝑖=1
𝑛− 𝑈238
𝑖=1
  
→  𝑤𝑖𝑡ℎ 𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑛𝑖𝑑𝑒𝑠 
The F4 tally provides the value of the microscopic cross sections when is linked with 
the FM card [18] and with two calculations, one at BoL and one at EoC with 3 ∙
104 neutrons per cycle and 500 cycles (10% of which are inactive) the tallies were 
obtained for all the actinides, i.e. only all the actinides at BoL fuel even at EoC (i.e. 
disregarding those occurring in small concentrations at EoC). Because the calculation 
needed two different kinds of reaction rates, it is also possible to specify inside the FM 
cards particular requests. These cards provide the microscopic fission cross section (-6) 
and the microscopic capture cross section (102); an example to understand how the 
MCNP code input should be specified is given below: 
F4:N    120     130     140     150 
FM4 1 100  -6 
F14:N  120     130     140     150 
FM14 1 100  102 
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These four lines mean that the code calculates the tally F4 in the cells 120, 130, 140 
and 150 for the specified material 1. These values multiplied by the atomic densities 
provide the reaction rates [18]. 
Table 4.3 shows the calculated value of BR. 
BR Inner zone 1st zone 2nd zone Outer zone Entire core 
BoL 1.124 1.119 1.111 0.963 1.024 
EoC 1.074 1.085 1.056 0.949 1.002 
Table 4.3: Instantaneous breeding ratios in the ESFR at BoL and EoC 
Considering the statistical errors during the calculations, at EoC the value of BR, 
calculated in these two different ways, can be considered consistent and equal. As just 
said, the reactor was designed without any blanket region so the value of BR is low. It 
is also possible to conclude that the outer region has a BR lower than 1. This is mainly 
the consequence of lower fraction of 𝑈238  in the initial fuel in this zone.  
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4.4 Power profile analysis 
This step is focused on the research of the region where the power peaking fuel 
assembly is located. In this section the F7 tally of the MCNP code is used. This 
particular consider all the energy at the location where it is generated, thus it can 
provide the fission power generated in certain core regions of interest [31]. In MCNP 
the tally results are expressed in 𝑀𝑒𝑉 𝑔⁄  for unit source particle. To obtain the total 
power value in W, some conversion calculations are required. First of all: 
1 𝐽 𝑠⁄
1 𝑊
∙
1 𝑀𝑒𝑉
1.602 ∙  10−13𝐽
∙
𝑓𝑖𝑠𝑠𝑖𝑜𝑛
𝐸𝑓𝑖𝑠𝑠𝑖𝑜𝑛
=
6.242 ∙ 1012
𝐸𝑓𝑖𝑠𝑠𝑖𝑜𝑛
∙
𝑀𝑒𝑉 ∙ 𝑓𝑖𝑠𝑠𝑖𝑜𝑛
𝑊 ∙ 𝑠
 
Normally 𝐸𝑓𝑖𝑠𝑠𝑖𝑜𝑛 can be assumed: 
 180 MeV (for an Uranium core) 
 195 MeV (for a MOX core) ← this will be used  
Inserting in the previous equation this result is obtained: 
1 𝐽 𝑠⁄
1 𝑊
∙
1 𝑀𝑒𝑉
1.602 ∙  10−13𝐽
∙
𝑓𝑖𝑠𝑠𝑖𝑜𝑛
195𝑀𝑒𝑉
= 3.201 ∙ 1010  
𝑓𝑖𝑠𝑠𝑖𝑜𝑛
𝑊 ∙ 𝑠
 
To get the normalization factor 𝑁𝐹 is necessary to solve: 
𝑁𝐹 = 3.201 ∙ 1010  
𝑓𝑖𝑠𝑠𝑖𝑜𝑛
𝑊 ∙ 𝑠
∙ 𝜈 ∙ 𝑃 = 3.379 ∙ 1020 𝑛 𝑠⁄  
𝑃 = 3600𝑀𝑊𝑡ℎ 
𝜈 = 2.932 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑢𝑚𝑚𝑎𝑟𝑦 𝑡𝑎𝑏𝑙𝑒 𝑜𝑓 𝑎𝑛 𝑜𝑢𝑡𝑝𝑢𝑡3 
This factor, used as multiplier in the F7 tally, gives the results in terms of total power 
per unit of mass (expressed in 𝑀𝑒𝑉 (𝑠 ∙ 𝑔)⁄ ). To have the power expressed in W it will 
be necessary to multiply it by the conversion factor 𝑀𝑒𝑉 → 𝐽 and by the mass4. 
Normally the power is given in terms of power density, which is obtained by dividing 
for the cell volume5. 
                                                     
3 It is the ratio between the value of Source in the Weight column and the value of loss to fission in the column Weight. 
1
3.41∙10−1
≈
2.932. 
4 The value to use is that one specified in the 𝑆𝐷 𝑐𝑎𝑟𝑑 inside the input file. 
5 This is important in the case of the use of 𝐹𝑆 card; because if the cell volume is not the same but the cell mass inserted (𝑆𝐷 card) 
is the same, the value of power must be normalised and expressed in terms of 𝑊 𝑐𝑚3⁄ . 
60 
 
4.5 Power Peaking Factors (PPF) 
The MCNP ESFR model has an internal coordinate system for the fuel assembly and for 
the fuel pin level (Figure 4.22). Next figures show these coordinate systems. First of all 
the F7 tally is requested for the three main directions: 
𝑌 = 0, 𝑋 = 0, 𝑌 = −𝑋 
This tally is requested at fuel assembly level with the next input line: 
F17:n   (140<300[1 0 0]) 
That means that the code calculates the value of the F7 tally in the cell 140 that is 
inside the cell 300. In the square brackets it is defined the fuel assembly where the 
power is requested. For this calculation, in order to have a low statistical error, the 
number of neutron is increased of a factor 10 respect to the burnup calculation (3 ∙
105) while the number of cycles is kept 500 (with 10% inactive). The Figure 4.23 
provides the average power peaking factors (PPF). This particular factor is defined as: 
𝑃𝑃𝐹𝑖 =
𝑃𝑖
𝑃𝑎𝑣𝑔
 
𝛿(𝑃𝑃𝐹𝑖)
𝑃𝑃𝐹𝑖
= √(
𝛿𝑃𝑖
𝑃𝑖
)
2
+ (
𝛿𝑃𝑎𝑣𝑔
𝑃𝑎𝑣𝑔
)
2
 
 
Figure 4.22: Model coordinate system at fuel assembly level and at fuel pin level 
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Figure 4.23: Three directions where the power was calculated to have the power shape along three main directions 
In Figure 4.24 it is also possible to see the effect of the control rods insertion; in fact 
the CSDs are physically in the interval 42 𝑐𝑚 ≤ 𝑟 ≤ 84 𝑐𝑚, but their effect is present 
also in the region 147.5 𝑐𝑚 ≤ 𝑟 ≤ 164 𝑐𝑚. 
 
Figure 4.24: PPF along the three main directions (the error bars represent three standard deviations). 
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4.6 Power Peaking Factor, axial and radial analysis 
The previous calculation provides also the value of the power along the Z axis, through 
the use of FS card. In this case the axial coordinate Z is referred to a position inside the 
core from the bottom side (from Figure 4.25 to Figure 4.27). For space reasons this 
three charts are presented without error bars, which value is below 1.5% in all the 
curves. 
 
Figure 4.25: Radial PPF along the x-axis calculated at different height (NB: in this case Z = 0 corresponds to the 
bottom of active fuel) 
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Figure 4.26: Radial PPF along the y-axis calculated at different height (NB: in this case Z = 0 corresponds to the 
bottom of active fuel) 
 
Figure 4.27: Radial PPF along the 𝒚 = −𝒙 calculated at different height (NB: in this case Z = 0 corresponds to the 
bottom of active fuel) 
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It is important to linger on the curves that are calculated in a position that is symmetric 
respect the central plane in the core. Figure 4.28 shows the PPF at the positions Z=5 
and Z=95. It is possible to conclude that the curves are different because of CSDs. In 
fact in Z=5 the value of every PPFs are higher and the influence of the CSDs is not 
present as in the curve that represents Z=95. The same data can be combined in order 
to get the axial power of all the fuel assemblies along the 3 main directions (from 
Figure 4.29 to Figure 4.31): a cosine shape is evident, as it was expected to be. 
 
Figure 4.28: PPF in specular region respect to Z = 50, along the direction Y=-X 
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Figure 4.29: Axial power profile along the x-axis in all the analysed fuel assemblies 
 
Figure 4.30: Axial power profile along the y-axis in all the analysed fuel assemblies 
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Figure 4.31: Axial power profile along the 𝒚 = −𝒙 in all the analysed fuel assemblies 
Considering the values of PPF again in Z=5 and Z=95. As above, it is found that the 
value of the power in the bottom is higher than in the top region, and this difference 
tends to zero approaching to 𝑍 = 5. This means that the absorption effect of the 
control rods is more pronounced than the effect of the leakages through the bottom 
gas plenum (Figure 4.32). 
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Figure 4.32: PPF difference in symmetrical point respect to Z=50, for the particular case of the FA (-9 9) 
Another consideration regards the fuel assemblies (11 0), (0 11) and (-11 11), where 
the axial PPF is rather lower than the previous fuel assembly. This effect is due to the 
small value of the radial PPF value (see Figure 4.24) in their region, and moreover we 
have to consider that this fuel assembly is not completely surrounded by other fuel 
assemblies (Figure 4.22). 
The value of the maximum power peaking factor in these 3 directions analysed before 
is located in correspondence of the variation between inner fuel and outer fuel (from 
2nd region to outer region). This value is equal to about 1.25. The fuel assemblies are (9 
0), (0 9) and (-9 9). 
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4.7 Research of power peaking fuel assemblies 
As the Figure 4.24 shows, the region where the power is higher is the first crown of the 
outer zone. Next Figure 4.33 shows the forty fuel assemblies selected. 
 
Figure 4.33: Fuel assemblies selected for the deep power analysis 
The tally requested to the code is again F7 but without the use of the FS card. For this 
calculation the number of considered histories are 3 ∙ 105 and the number of cycles is 
fixed to 500 (450 actives). The output provides the values of the fuel assembly powers 
(in this case, the relative error per tally is always below 0.11%). Considering the 
maximum relative error and the uncertainties on the cross sections, between the forty 
fuel assemblies only four fuel assemblies can be analysed deeply (Table 4.4). 
The decision to select this four fuel assemblies, (9 0), (0 9), (-9 9) and (8 1) derives from 
the fact that are the power peaked. (8 1) is selected because is next to a control rod 
and it has an important power. Considering the statistical errors, the power peaked 
fuel assembly is the (9 0). In the end the fuel pin analysis is done only for the (9 0) and 
(8 1).  
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Fuel Assembly Power [𝒌𝑾] Fuel Assembly Power [𝒌𝑾] 
(−10 8) 8900.3 (1 9) 9455.0 
(−10 9) 9375.6 (1 8) 9414.8 
(−10 10) 8930.3 (2 8) 8950.1 
(−9 8) 9339.5 (8 2) 9029.3 
(−9 9) 9899.3 (8 1) 9509.4 
(−9 10) 9315.0 (9 1) 9552.9 
(−8 9) 9241.8 (9 0) 10092.4 
(−1 10) 9386.1 (9  − 1) 9485.2 
(0 10) 9028.0 (10 0) 9157.8 
(−1 9) 9306.5 (10  − 1) 9568.9 
(0 9) 9979.7 (10  − 2) 9038.5 
Table 4.4: 20 power peaked FAs and selected FAs for the fuel pin level analysis, (9 0), (0 9), (-9 9) and (8 1) 
 
Figure 4.34: Power of the four selected fuel assemblies comparison  
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5. Unprotected transient in Sodium Fast Reactor 
Two types of unprotected transients (UT) are normally considered: overpower (UTOP) 
and transient undercooling (UTUC). 
UTOP refers to the insertion of reactivity with normal flow rate, vice-versa, UTUC 
involves coolant flow decrease with normal heating maintained. Among UTUC, 
unprotected loss of flow (ULOF) and loss of heat sink (ULOHS) are diversified. Sufficient 
inherent safety i.e. inherent feedback mechanisms, must be demonstrated for these 
transients [32]. 
For UTOP, the fuel Doppler effects are the fundamental safety parameter, even if they 
depend on to the fuel type and composition of fuel (larger effects in UO2 than in 
metallic fuel) [32]. Coolant density has different effects at the centre (usually a positive 
feedback for decreasing density) and then at the core boundary (negative feedback 
due to neutron leakages). Also the core shape and the size are important factors, with 
“short” reactors having negative feedback. Core expansions or contractions, both axial 
and radial, are also important: contraction leads to an increased reactivity [32]. Finally, 
displacements of the control rods in or out the core due to thermal effects may be 
important too, as the fuel element “bowing”; this needs appropriate restraints to keep 
fuel elements in position. 
For UTUC, the natural circulation is the leading phenomenon. In unprotected 
transients, the capability to establish natural circulation is in fact fundamental [32]. 
Factors to be considered in evaluating the natural circulation response of the reactor 
to unprotected transients are the followings: 
 The high thermal conductivity of sodium. 
 The existence of severe possible flow paths for natural circulation, along the 
normal route (through the intermediate IHX) or through additional dedicated 
heat exchangers. 
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5.1 Unprotected Transient of OverPower 
This kind of accident is feared to be a very serious challenge for the reactor, because 
the molten fuel could be compacted to form a more reactive configuration. Then, 
sudden power increase and fuel vaporisation were considered as possible events at 
the beginning of the activities for developing SFR. In some experiments it was anyway 
observed that the molten fuel can instead be pushed away from the core centre by 
fission gases, with negative reactivity insertion [32]. 
But, some uncertainty remains about the molten fuel behaviour; after release to the 
coolant it may also be transported away from the centre of the reactor [32]. 
The UTOP scenarios considered in this analysis are initiated by a control rod(s) 
withdrawal, followed by a failure to SCRAM, in a certain way this kind of accident could 
be corresponded to a reactivity initiated accident (RIA) in LWR. Transient overpower 
could be initiated by other mechanisms, such as the introduction of a gas bubble in the 
core or by core distortion. However, the control rod withdrawal accident is one that 
can be supposed to occur with some frequency in a large population of reactors, at 
least with regards to very small reactivity insertions, since the control rods can have 
failures due to human and mechanical factors. The maximum reactivity inserted is 
limited by the amount of excess reactivity of the operating reactor [33]. 
In the case of the ESFR lots of studies were previously developed on this accidentby 
the use of a punctual code. A punctual code normally represents the reactor core as a 
point, applying the classic reactor kinetics equations. The old simulated accident is 
something that has to be simulated on MCNP in a symmetric way. 
MCNP is a steady state code, so it is impossible to simulate a transient. The way 
adopted is to proceed to stationary states, and then directly focus the simulation on 
the instant when the reactivity-ramp is maximized. 
In MCNP is also impossible to simulate all the feedback effects without the use of 
special libraries a particular card in the code so in this work so the power pin profile 
power is overestimated respect the real curve that can be obtained taking in account 
all the neutronic feedbacks, and this results is very conservative in terms of safety. 
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5.2 Reactivity controlled by a CSD 
Before starting the accident simulation in the ESFR it is interesting to determine how 
many pcm are controlled by a CSD. 
In order to get this value it was necessary to allow the upward movement of one 
control shutdown system. Five different calculations were done (3 ∙ 106 neutrons, 500 
cycles with 10% inactives): 
1. Considering the input file at EoC, all the CSDs were inserted in the active region 
and a keff calculation were launched. 
2. The input file used for the previous calculation was modified by extracting a 
control rod in the inner ring (see Figure 4.22, the inner ring is the first ring of 
CSDs with 6 control rods) in order to calculate the keff when that control rod is 
extracted from the active core (Z=0) and when is completely extracted from the 
core region (Z=-81). 
3. The input file used for the calculation in 1 was then modified by extracting a 
different control rod in the outer ring (see Figure 4.22, the outer ring is the 
second ring of CSDs with 18 control rods) in order to calculate the keff when 
that control rod is extracted from the active core (Z=0) and when is completely 
extracted from the core region (Z=-81). 
In this model when the control rod is extracted from the channel that space has been 
occupied by the follower for two reasons: there is no information about the length of 
the follower and considering that the volume percentage is 92% sodium and 8% of 
structural material the calculation is not really affected by this assumption [4]. 
As Figure 5.1 shows, the maximum value of reactivity controlled by a CSD is about 130 
pcm; the considered control rod is in the core outer ring. An internal control rod 
instead controls about 78 pcm (the error on this estimation is between 4.5% and 
8.4%). 
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Figure 5.1: Reactivity controlled by a control rod 
Remembering that the fraction of delayed neutrons is about 397 𝑝𝑐𝑚 (see chapter 
4.2), one control rod holds ~0.34$ of reactivity. 
The Table 5.1 explains better how many pcms are controlled by an internal or an 
external CSD. 
$ 𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏 Withdrawn from the active core Completely withdrawn from the core 
Inner ring CR 0.1797 $ 0.1974 $ 
Outer ring CR 0.3035 $ 0.3364 $ 
Table 5.1: Dollar fraction controlled by an internal and external CR 
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5.3 Transient of overpower in ESFR 
For the ESFR it was supposed that the control rod runaway is defined by a linear 
positive reactivity insertion ramp of 250 𝑝𝑐𝑚 within 10 𝑠, or equivalently of 
25 𝑝𝑐𝑚 𝑠⁄  over a time interval of 10 𝑠, corresponding to an estimated rod withdraw 
rate of ~2.4 𝑚𝑚 𝑠⁄  with control rods inserted 25 cm into the core [9]. The use of 
MCNP is necessary to confirm if the punctual kinetic code TRACE has given a 
reasonable result. 
It is immediately possible to say that the simulation done with TRACE considers the 
reactor with CSDs inserted just for 25 cm [9], while in this study the CSDs are inserted 
from the top up to 77.5 cm. 
The feedbacks to consider are: 
 Coolant expansion (Positive). 
 Clad expansion (Positive). 
 Doppler Effect (Negative). 
 Control rod drive line expansion (Negative). 
 Fuel axial expansion (Negative). 
Among these feedbacks the most important is the Doppler Effect because it is the 
quickest and the most prevalent because it inserts more reactivity (Figure 5.2). As it is 
shown, when the inserted reactivity ramp reaches the maximum value, after 10 
seconds, the Doppler Effect is stil growing till the maximum that is after about 16 
seconds [9]. 
Thus, the insertion of 250 𝑝𝑐𝑚 in the reactor it translates in about 70 𝑝𝑐𝑚 effectives 
considering all the feedbacks (positives and negatives) that occurs during the transient; 
so as aforementioned above the most prevalent and quickest effect is due to the 
Doppler effect. In particular the Figure 5.3 provides the total reactivity time evolution 
during the analysed transient (the maximum is 70 pcm after 10s) done by different 
research centres like Karlsruher Institut für Technologie (KIT), ENEA, Electricité De 
France (EDF), Commissariat de l'Énergie Atomique (CEA), Nuclear Research and 
consultancy Group (NRG) and Paul Scherrer Institute (PSI) [9]. 
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Three kinds of scenarios were simulated: 
1. Extraction of all the CSDs, in order to have a precise value of power or power 
density at fuel pin level that TRACE cannot provide. 
2. Complete extraction of one selected CSD, in order to have a value of the 
power for a classic design basis accident (DBA). 
3. Complete extraction of two selected CSDs, in order to have a comparison, at 
fuel pin level, with the global reactivity insertion analysed inside the point 1. 
 
Figure 5.2: Time comparison of inserted reactivity and Doppler effect comparison [9] 
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Figure 5.3: Reactivity vs Time calculated using different punctual kinetic codes [9] 
5.3.1 Movement of all the control rods 
The first step was the simulation of the accident characterised by with the movement 
upward of all the CSDs. 
Initially, a series of calculations were done to understand where the CSDs have to be 
put in order to insert this reactivity value. These calculations were performed 
with 3 ∙ 104 neutrons and 500 cycles (10% inactive). 
Two different positions of CSDs corresponding to an insertion of reactivity of 70 pcm 
and 250 pcm, respectively, were identified. This choice was done because we were 
interested to investigate the effect of the real value of reactivity (70 pcm) at fuel pin 
level and the geometric effect that the extraction of the control rods provides. 
Whereby the first calculation was important to have an idea of the value of the power 
in the fuel pin, the second one instead gave the correct power shape. 
In the Figure 5.4 the two horizontal lines represents the position of the CSD when 70 
pcm (red line) and 250 pcm (light green line) are inserted inside the reactor core. In 
particular it was found that 70 pcm were inserted when the CR are fixed at 72.5 cm, 
while 250 pcm were inserted when the CR are fixed at 64.5 cm. 
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Figure 5.4: reactivity variation moving up all the control rods 
Subsequently 3 deep analysis were started for the following three positions: 
1. One with the CSDs in critical position in order to get the power profile before 
the accident. 
2. One with the CSDs withdrawn up to 72.5 cm in order to get the power profile 
after inserting 70 pcm in the core. 
3. One with the CSDs withdrawn up to 64.5 cm in order to get the power profile 
after inserting 250 pcm in the core. 
For the different positions, new calculations with 3 ∙ 106 neutrons are launched asking 
to the code the power of each fuel pins in the four fuel assemblies. The number of 
neutrons was increased by an order of magnitude in order to have a low statistical 
error on the tally calculation. 
The tally asked to the code for that analysis was the F7 tally with these five lines: 
F17:n (21<130[-9:9 -9:9 0]<300[-10 8 0]) 
F27:n (25<130[-9:9 -9:9 0]<300[-10 8 0]) 
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F37:n (29<130[-9:9 -9:9 0]<300[-10 8 0]) 
F47:n (73<130[-9:9 -9:9 0]<300[-10 8 0]) 
F57:n (77<130[-9:9 -9:9 0]<300[-10 8 0]) 
In this way it was possible to calculate the power inside the cells in each power pins of 
the selected fuel assemblies (chapter 4.7, Table 4.4). In particular these code lines 
represent the request of the fission power (F7 tally) for the assembly (-10 8) for every 
fuel pin. 
The result of these calculations showed that both for the insertion of 70 pcm and 250 
pcm the difference in value of the power in the central cell does not overcome the 1%. 
The Figure 5.5 andFigure 5.6 show the power shapes selected in that way: maximum 
power peak value after the withdrawn of the control rods. In particular these two 
charts represent the fuel pin (-2 3) inside the fuel assembly (-9 9) and the fuel pin (5 -2) 
in the fuel assembly ( 
 
Figure 5.5: Axial power variation during the accident scenario in the power peaked fuel pin after the accident [FA (-9 
9) - Pin (-2 3)] in the case of 70 pcm insertion 
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Figure 5.6: Axial power variation during the accident scenario in the power peaked fuel pin after the accident [FA (9 
0) - Pin (5 -2)] in the case of 250 pcm insertion 
These two fuel pins have a difference in the central cell of 0.83% for the 70 pcm 
insertion and 0.98% in the case 250 pcm insertion. 
Some comments can be done about the difference of the power profiles before and 
after the reactivity insertion. It is important to remember that the variation is rather 
low (below 1%). In fact in both cases the upward movement of CSDs is bound to the 
same cell and the variation of the power shape can be explained as: 
 In the first three top cells (see chapter 3.4) the effect is not significant. 
 In the fourth cell from the top, the effect is a local increase of power (the 
fourth cell is the one where the difference after the accident is higher). 
 In the fifth cell (bottom cell) it is possible to see the increase of the power. 
With the results obtained (without the Doppler effect simulation) it is possible to see 
that the global insertion of reactivity does not influence the core at the fuel pin level. 
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5.3.2 Extraction of one control rod 
This kind of scenario was simulated by the complete extraction of a control rod. 
Considering that the most powerful fuel assembly is the (9 0) and the fuel assembly (8 
1) has an high value of power (and is in contact with a CSD), the control rod in the 
position (7 2) was the chosen one to be extracted from the core (Figure 5.7). First of 
all, a series of calculations with 3 ∙ 105 neutrons were launched in order to see how 
many pcms are inserted in the core by extracting that particular CSD (Figure 5.8). 
 
Figure 5.7: Position of extracted CSD to simulate the local insertion of reactivity (7 2) 
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Figure 5.8: Reactivity variation inside the active region moving up the CSD (7 2) 
The absolute value of reactivity inserted in the reactor core extracting that CSD by the 
active core is about 103 pcm. With another calculation it is also possible to calculate 
the reactivity insertion inserted with the complete extraction of the control rod by the 
core (Z = -81). In this case the reactivity inserted in the core is around 107 pcm. The 
selected position for the deep analysis was with the complete extraction from the core 
and so in the CR channel during the simulation it was present only the CSD follower. 
Initially, to see the global effect in the region where it was decided to be completely 
extracted the rod, the tally F7 was requested for the six fuel assemblies that surround 
the CSD (Figure 5.9, Table 5.2). 
With three calculations (3 ∙ 105 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠) it was possible to understand for the 
region around the selected control rods the effect at fuel assembly level. 
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Figure 5.9: Fuel assembly power variation extracting the CSD (7 2) 
 Normal Operation [𝑴𝑾] Extraction of 1 CSD [𝑴𝑾] Power ∆𝑷 
(6 2) 7.86 11.11 3.86 
(6 3) 7.62 10.93 3.31 
(7 3) 8.50 12.45 3.95 
(8 2) 8.74 12.92 4.18 
(8 1) 9.23 13.37 4.23 
(7 1) 8.06 11.47 3.41 
Table 5.2: Power variation in the six fuel assemblies that surround the CSD withdrawn, error below 0.1% 
The next step was to calculate the power profile inside the fuel assemblies in two 
different situations. 
The fuel pins deeply studied were selected following these criteria: 
 Maximum power peak after the accident: this is the worst condition for the fuel 
pin from a mechanical point of view. 
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 Maximum difference in the power peak before and after the accident: this is 
referred to the fuel pin that has the largest power variation between nominal 
conditions and accidental conditions. 
 Maximum average power value: this represents the fuel pin on which the 
extraction has the highest impact. 
With some calculations (3 ∙ 106 neutrons, 500 cycles and 10% inactive) it was possible 
to calculate the power profile in each selected fuel pins. The pin position is provided in 
Table 5.3. 
The model of the accident was simulating the extraction of one control rod on the left 
side respect the two fuel assemblies analysed. This extraction influenced the position 
of the fuel pins selected following the criteria descripted above; in fact as the Figure 
5.10 shows the six fuel pins are on the left "side" a part from the fuel pin that has the 
maximum peak after the accident in the fuel assembly (8 1). 
Fuel assembly (8 1) (9 0) 
Maximum Peak (-1 7) (-4 0) 
Maximum difference at peak value (in central cell) (-7 -2) (-6 -3) 
Maximum average value (-6 -3) (-4 -4) 
Table 5.3: Fuel pins power peaked in the case of the extraction of one control rod 
The Figure 5.10 shows the position inside the reactor: 
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Figure 5.10: Fuel pins that responds to the criteria previous defined (extraction of a CR) 
The next figures (from Figure 5.11 to Figure 5.22) show the power density profile, axial 
and radial, for the six selected fuel pin. 
The power shape found is what we expected, for the axial power density profile the 
classic cosine function was found; for the radial power density the power density 
found is a constant value. For what concerns the radial power density the result was in 
accordance to the general properties of a fast reactor, where the self-shielding effect is 
absent and the power density tends to be flatter than a thermal reactor [34]. 
For what concerns of the radial power density on the left of each pictures is possible to 
see the value at different heights before the accident. On the right instead is possible 
to see the value after the accident. 
For the two points at the top and at the bottom of the axial active core the relative 
error was higher (~1.6%). This result derives from the fact the F7 tally was calculated 
for a volume lower than for the other points of the other axial parts, thus increasing 
the statistical error of the code. 
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Figure 5.11: FA (8 1) - Pin (-1 7), Maximum Peak after accident, axial power density 
 
Figure 5.12: FA (8 1) - Pin (-1 7), Maximum Peak after accident, radial power density 
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Figure 5.13: FA (8 1) - Pin (-7 -2), Maximum Peak difference during the accident, axial power density 
 
Figure 5.14: FA (8 1) - Pin (-7 -2), Maximum Peak difference during the accident, axial power density 
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Figure 5.15: FA (8 1) - Pin (-6 -3), Maximum Average value after accident, axial power density 
 
Figure 5.16: FA (8 1) - Pin (-6 -3), Maximum Average value after accident, radial power density 
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Figure 5.17: FA (9 0) - Pin (-4 0), Maximum peak after accident, axial power density 
 
Figure 5.18: FA (9 0) - Pin (-4 0), Maximum peak after accident, radial power density 
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Figure 5.19: FA (9 0) - Pin (-6 -3), Maximum Peak difference during the accident, axial power density 
 
Figure 5.20: FA (9 0) - Pin (-6 -3), Maximum Peak difference during the accident, radial power density 
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Figure 5.21: FA (9 0) - Pin (-4 -4), Maximum Average value after accident, axial power density 
 
Figure 5.22: FA (9 0) - Pin (-4 -4), Maximum Average value after accident, radial power density 
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It is important to note that the main goal in the next step of this project will be the 
insertion of the value of the maximum peak power density in specify mechanical fuel 
pin safety code. So it is important to analyse the first of this three cases studied (Figure 
5.11 and Figure 5.17). 
For the consideration done in chapter 5.3 MCNP does not take in account of reactivity 
feedbacks, so the value of the power calculated is overestimating the result and in 
terms of safety is very conservative. In the first analysis in fact the peak power is 
about 900 𝑊 𝑐𝑚3⁄  respect to a value in normal operation of 650 𝑊 𝑐𝑚3⁄ . 
5.3.3 Extraction of two control rods 
In this case, the simulated accident was the extraction of two control rods. This 
accident was considered to make a comparison between the insertion of a global 
reactivity (250 𝑝𝑐𝑚, chapter 5.3.1) and the local insertion of the same reactivity. 
The first step was the selection of the CSD to be extracted (Figure 5.23). The selection 
was relapsed on the same control rod as before (7 2) and its symmetric respect to the 
x-axis (9 -2) because in that way the effect in terms of local reactivity insertion was 
maximized. 
 
Figure 5.23: Position of extracted CSDs to simulate the local insertion of reactivity (7 2) and its symmetric (9 -2) 
y 
x 
Symmetry axis 
y=-x 
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After the insertion of another universe in the position (9 -2), a set of calculations were 
developed to understand how many pcms are inserted completely extracting these 
two control rods from the core up to Z = - 81 (3 ∙ 105 neutrons, 500 cycles 10% 
inactives). 
This accident corresponds to the insertion of ~270 𝑝𝑐𝑚 (Figure 5.24), so this 
simulation was considered to be a good comparison between the global insertion 
of 250 𝑝𝑐𝑚 and the local insertion of the same reactivity. 
 
Figure 5.24: Reactivity inserted extracting two control rods completely from the core Z =- 81 
Initially, to see the global effect in the region where it was decided to be completely 
extracted the rod, the tally F7 was requested for the six fuel assemblies that surround 
the CSD (7 2). With three calculations (3 ∙ 105 neutrons) was possible to understand 
for the region around the control rod (7 2) the effect at fuel assembly level (Figure 
5.25, Table 5.4). 
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Figure 5.25: Fuel assembly power variation extracting the CSDs (7 2) and (9 -2) 
 Normal 
Operation [𝑴𝑾] 
Extraction of 1 
CSD [𝑴𝑾] 
Power ∆𝑷𝟏 Extraction of 2 
CSDs [𝑴𝑾] 
Power ∆𝑷𝟐 
(6 2) 7.86 11.11 3.86 13.34 5.48 
(6 3) 7.62 10.93 3.31 12.89 5.27 
(7 3) 8.50 12.45 3.95 14.88 6.38 
(8 2) 8.74 12.92 4.18 15.93 7.19 
(8 1) 9.23 13.37 4.23 16.93 7.70 
(7 1) 8.06 11.47 3.41 14.35 6.29 
Table 5.4: Power variation in the six fuel assemblies that surround the CSD (7 2) when even the (9 -2) is withdrawn, 
error below 0.1% 
The criteria to select the fuel pins were the same as in the chapter 5.3.2, but this case 
the calculations were done for the fuel pins also with the extraction of one control rod, 
in order to see the effect of the extraction of one and two control rods. 
With some calculations (3 ∙ 106 neutrons, 500 cycles and 10% inactive) it was possible 
to calculate the power profile in each selected fuel pins (Table 5.5). 
Fuel Assembly (8 1) (9 0) 
Maximum Peak (2 7) (-1 -3) 
Maximum difference at peak value (in central cell) (-4 -5) (3 -1) 
Maximum average value (4 5) (0 -3) 
Table 5.5: Fuel pins power peaked in the case of the extraction of two control rods 
The Figure 5.26 shows the position inside the reactor: 
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Figure 5.26: Fuel pins that responds to the criteria previous defined (extraction of two CRs) 
The next figures (from Figure 5.27 to Figure 5.38) show the power density profile, axial 
and radial, for the six selected fuel pin. 
Again, it is possible to make the same considerations done it in chapter 5.3.2 about the 
axial and radial power density [34]. 
The model of the accident was simulating the extraction of two control rods 
symmetrically positioned with respect to the two fuel assemblies analysed. The fuel 
pin (-4 -5) is in contact with the CSD extracted and before the accident the peak power 
value is rather low due to the fact that the CR is inserted; after the accident the power 
density is higher. 
FA (8 1) 
Control Rods extracted 
 Maximum Peak 
 Maximum difference in the peak 
 Maximum average value 
FA (9 0) 
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Figure 5.27: FA (8 1) - Pin (2 7), Maximum Peak after accident, axial power density 
 
Figure 5.28: FA (8 1) - Pin (2 7), Maximum Peak after accident, radial power density 
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Figure 5.29: FA (8 1) - Pin (-6 -3), Maximum Peak difference during the accident, axial power density 
 
Figure 5.30: FA (8 1) - Pin (-6 -3), Maximum Peak difference during the accident, radial power density 
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Figure 5.31: FA (8 1) - Pin (4 5), Maximum Average value after accident, axial power density 
 
Figure 5.32: FA (8 1) - Pin (4 5), Maximum Average value after accident, radial power density 
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Figure 5.33: FA (9 0) - Pin (-1 -3), Maximum Peak after accident, axial power density 
 
Figure 5.34: FA (9 0) - Pin (-1 -3), Maximum Peak after accident, radial power density 
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Figure 5.35: FA (9 0) - Pin (3 -1), Maximum Peak difference during the accident, axial power density 
 
Figure 5.36: FA (9 0) - Pin (3 -1), Maximum Peak difference during the accident, radial power density 
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Figure 5.37: FA (9 0) - Pin (0 -3), Maximum Average value after accident, axial power density 
 
Figure 5.38: FA (9 0) - Pin (0 -3), Maximum Average value after accident, radial power density 
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As it was already discussed in the chapter 5.3.2 the first of this three cases studied will 
be analysed in detail inside a mechanical code to assess the fuel pin safety (Figure 5.27, 
Figure 5.33). 
Again, for the consideration done in chapter 5.3, the value of the power calculated is 
overestimating the result and in terms of safety is very conservative and can be 
compared with the insertion of the same global reactivity the reactor (chapter 5.3.1). 
In the Figure 5.33 and Figure 5.34 the peak power is about 1140 𝑊 𝑐𝑚3⁄  respect to a 
value, in normal operation, of 650 𝑊 𝑐𝑚3⁄ . 
5.3.4 Final considerations 
The 3 simulated accidents have different effects on the fuel pins: 
1. The global insertion of 250 𝑝𝑐𝑚 does not affect the core at fuel pin level and it 
confirms a previous study [9]. 
2. The extraction of one control rod has a local effect on the fuel assemblies in a 
region close to the extracted CSD. The power peak calculated without 
considering every feedback is 900 𝑊 𝑐𝑚3 ⁄ respect to a nominal value of 
about 650 𝑊 𝑐𝑚3 ⁄ . 
3. The extraction of two control rods has a local effect on the fuel assemblies 
close to the extracted CSDs. The power peak calculated without taking in 
account every feedback is 1140 𝑊 𝑐𝑚3⁄  respect to a value of 
about 650 𝑊 𝑐𝑚3 ⁄ . 
In particular, the extraction of two CSDs has been a good comparison with the 
extraction of all the CSDs together because the absolute value of reactivity is very 
similar (250 pcm for the global insertion, 270 pcm for the local insertion). 
It has been observed that the global insertion of reactivity in the reactor does not 
influence the fuel pin power shape. Conversely, the extraction of two CSDs creates a 
local effect on fuel pin power shape, with a peak value higher than 75% and so the 
local effect is more influent in the fuel pin power. The reason is that the global 
insertion of reactivity is redistributed in the entire core, while in the case of the 
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extraction of one or two CSDs this consideration is not possible because the reactivity 
was inserted locally.  
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6. Conclusions 
In this thesis work a number of reactor safety related parameters were calculated for 
the ESFR oxide-fuelled core with the help of the Monte Carlo MCNP computational 
tool. 
In particular this study was focused on the research of the power peaking fuel pin at 
EoC after the insertion of a specific value of reactivity. This kind of scenario is known as 
UTOP, that is the correspondent RIA normally studied in LWR. To achieve these 
conditions some preliminary steps were developed. 
The ESFR is a 3600 MWth reactor with hexagonal fuel bundle. The reactor design is pool 
type with an intermediate loop. The fuel enrichment at BoL is different radially, in fact 
the inner region has low mass of plutonium then in than the outer region (Figure 2.3). 
The active height of the core is 1 meter and the number of fuel assemblies is 453 (with 
271 fuel pins per assemblies). In central assembly and in the external part a reflector is 
present to improve the neutron economy. Axially it is instead possible to observe that 
in the bottom part, in direct contact with the fuel assemblies, an axial reflector is 
present; below this there is the fission gas plenum. In top part is present, in contact 
with the fuel assemblies, a fission gas plenum (smaller respect to the bottom part) 
above this part is present an axial reflector. Two different CR system were designed, 
CSDs (24) and DSDs (9), where the first ones are used in normal operation to control 
the excess of reactivity, while the second ones are only in case of SCRAM or accident 
[13]. 
The safety related parameters included the position of CSDs in order to get the 
criticality and the power distribution at EoC of the core of the fuel assembly and the 
most powerful pins. Moreover, the power distributions of the ESFR (most powerful 
pins) have been calculated with one or two control rod(s) completely withdrawn from 
the core. The axial and radial power profile of the pins with the highest peak power 
was also determined. These characteristics were evaluated at EoC, taking into account 
changes in core material composition during the cycle. 
104 
 
The first series of calculations were done at BoL and the critical position of CRs were 
found. In particular this position was Z = 77.5 cm (with coordinate Z that has the zero 
in the upper part of the active core). 
During the fuel burnup the reactivity excess in the reactor was approximately zero at 
BoL while it reaches a negative value (about -75 pcm) at EoC. Taking into account the 
overall uncertainty (calculation errors, uncertainty of nuclear data i.e. cross section 
data) we can conclude that, although the effective multiplication factor 𝑘𝑒𝑓𝑓 changes 
during the burnup, the reactivity at the initial (BoL) and final (EoC) conditions are very 
similar. 
The results obtained in term of reactor power profile are in line with the expectations. 
In fact, the power peaking factor shapes are very similar with previous studies done on 
the ESFR without the insertion of CSDs [8], the only differences are present in the 
regions where the CSDs are inserted in the core. At EoC, results showed that the 
highest power fuel assemblies are located in the first ring of the outer core zone and 
the value is inside the interval 1.24 ≤ PPF ≤ 1.26. This is due to the higher fuel 
enrichment of that zone. The power peaked fuel assembly is the (9 0) with a power of 
10.1 MW with a relative error of 0.11%. 
Despite the parallel computational capabilities of MCNP, more effort should be put to 
reduce calculation time required by each MCNP job ensuring at the same time 
precision and computational feasibility. Using the JRC – IET Higgs cluster it was possible 
to make all these calculations with a maximum computing time of 52 hours for the 3 ∙
106 neutron history calculations. 
For what concerns the breeding capability of the analysed reactor, due to the absence 
of a core blanket the value of the breeding ratio is rather low and decrease quickly 
with the burnup. The value was estimated with two different mathematical 
approaches and the results were: 
 At BoL, BR = 1.024, calculated with the differential definition [24] [30]. 
 At EoC, BR = 1.002, calculated with the differential definition [24] [30]. 
 At EoC, BR = 1.006, calculated with the integral definition [24] [30]. 
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After these three preliminary steps the accident scenario (UTOP) could be simulated. 
The following three accidents, which have different effects on the fuel pins, were 
considered: 
1. The global insertion of 250 𝑝𝑐𝑚: it does not affect the power inside the core as 
the previous study showed and this study confirmed it [9]. 
2. The extraction of one control rod: it has a local effect on the fuel assemblies 
close to the extracted CSD. The power peak calculated without any feedback 
is 900 𝑊 𝑐𝑚3⁄ , respect to stationary a value of 650 𝑊 𝑐𝑚3 ⁄ . 
3. The extraction of two control rods: it has a local effect on the fuel assemblies 
close to the extracted CSDs. The power peak calculated without any feedback 
is 1140 𝑊 𝑐𝑚3⁄ , respect to a nominal value of about 650 𝑊 𝑐𝑚3 ⁄ . 
Twelve fuel pin power shapes (radial and axial) were deeply studied. In particular, for 
the selected fuel assemblies the following three criteria were used: 
 Maximum peak after the accident: this is the worst condition for the fuel pin 
from a mechanical point of view. 
 Maximum difference in the power peak before and after the accident: this is 
referred to the fuel pin that has the largest power variation between nominal 
conditions and accidental conditions. 
 Maximum average power value: this represents the fuel pin on which the 
extraction has the highest impact. 
In particular the extraction of one CSD corresponds to an insertion of 107 pcm while 
the extraction of two CSDs corresponds to an insertion of 270 pcm. 
It was observed that the global insertion of reactivity in the reactor does not influence 
the fuel pin power shape. Conversely, the extraction of two CSDs creates a local effect 
on fuel pin power shape with peak values higher than 75% (for the fuel pin with the 
maximum difference in the power peak before and after the accident this percentage 
arrives up to 95%) and so the local effect is more influent in the fuel pin power. 
106 
 
This is because the globally inserted reactivity was redistributed in the entire core, 
while in the case of the extraction of one or two CSDs the reactivity was locally 
inserted. 
All these results were obtained without considering the neutron feedbacks that 
develop during the transient, so the calculated power profile does not correspond to 
the real one but it was maximized, i.e. the found power distribution is very 
conservative in terms of safety because the real power during the transient is lower 
than this. 
In the next future, the obtained results will be employed for detailed safety 
assessments of the fuel pin mechanical behaviour in incidental and accidental 
conditions, by using a dedicated fuel pin mechanics code, like TRANSURANUS, or 
through finite element codes, like Ansys or Abaqus. 
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Appendix 1 – Practicalities related to the LINUX cluster 
Two clusters are available at JRC-IET, HIGGS and PLANCK. For this job the HIGGS cluster 
was used. 
As described on intranet HPC JRC webpage [35], the cluster specifications are the 
following ones: 
1. Address: higgs.jrc.nl 
2. Commissioned in March 2013 
3. 480 compute cores and 3.4TB of memory on the compute nodes, spanning 2 
racks 
4. Red Hat Enterprise Linux Server release 6.3 
5. Master node: 
a. 2x Intel Xeon E5-2640, 2.5GHz, 6-core processors (in total 12 cores) 
b. 128GB of memory 
c. NVIDIA QUADRO 6000 graphics card 
d. 6. 30 compute nodes 
e. 2x Intel Xeon E5-2670, 2.6GHz, 8-core processors (in total 16 cores per 
compute node) 
f. 128GB of memory 
g. 4 compute nodes equipped with NVIDIA Tesla M2090 GPU cards 
6. Interconnect: Qlogic 12200-BS01 36-port InfiniBand Quad Data Rate switch 
with single PSU 
7. Gigabit ethernet switch : Dell PowerConnect 2848 – 48 Port managed Layer 2 
switch 34 
8. Home disk space: 30TB 
9. Backup system: installed 
10. UPS: installed 
Execution of MCNP6 on Higgs is performed using a queuing system called Torque. 
Torque is a queuing manager that allows submitting jobs (parallel or not) to a 
computing physical resource and get back the results. Through Torque, user can define 
the conditions of the job submission, monitoring the job and if necessary cancel or 
reschedule the job. For MCNP, the command for submitting a specific job (a case to be 
executed on the cluster) is the following:  
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qsub -l nodes=(number):ppn=(number):queue_name -q 
queue_name /usr/local/bin/MCNP.pbs -N 
File_name.mcn:(parallelization_option):xsdir=(cross_section
_file) -v COMPILER=gcc (or intel) 
Where: 
 nodes=(number): user specifies the number of nodes he wants to use 
for the calculation. 
 ppn=(number): user specifies the number of processors to be used in 
each node for the calculations (currently maximum is 16). 
 queue_name: here the user defines which queue to use. User is also 
able to specify which nodes he would like to use (for more information 
please refer to the HPC page on Intranet). 
 File_name: the name of the submitted MCNP6 input file to be executed. 
Files are located in users' personal directories (/home/user). 
 Parallelization option= mpi or tasks: depending on what parallelization 
the user wishes to use. 
 xsdir = (cross_section_file): this option should only be used if the xsdir 
cross section file to be used is different than the default xsdir cross 
section file. The default xsdir file is located under 
/cm/shared/apps/MCNP/MCNP61/MCNP_DATA on Higgs. 
 COMPILER=gcc or Intel: the user defines which MCNP6 version should 
be used. 
An example: with the following command the user submits a job requiring 18 nodes to 
be used, each node should use 16 processors, the assigned nodes of the F4 unit will be 
used, the name of the MCNP input file is prova.mcn, mpi parallelization and the cross 
section file pointing at JEFF-3.1.2 library with the addition of the isotopes of Table 3.1 
will be used while the MCNP executable compiled with the gcc compiler will be used: 
qsub -l nodes=18:ppn=16:F4_all -q F4_all 
/usr/local/bin/MCNP.pbs -N 
prova.mcn:mpi:xsdir=jeff312_xsdir_modified -v COMPILER=gcc  
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Appendix 2 – Installation of MCNP6 and parallelization running option 
MCNP6 has been installed using two different compilers, namely gcc (version 1.4.5) 
and Intel (version 12.1). The reason is that, after several tests, it was found that there 
is an interdependence in terms of stability and performance between the two different 
compiler versions and the parallelization options of MCNP6. The two versions of 
MCNP6 were tested running the installation test suite which was successfully 
completed by both 
The two parallelization options used for the MCNP calculations are mpi and tasks. Both 
options actually use message-passing interface (mpi), but differences has been 
observed on how the jobs are threaded. For example, a node of the Linux cluster that 
is used as slave with the mpi option will create 16 different threads 1 and each thread 
will use 100% of the cpu load while the tasks option will create only one thread using 
seemingly 1600% of the cpu load. Of course, several slaves can be assigned using 
either mpi or tasks but there must always be a master thread responsible for the 
message passing (Figure A2.1). Threads on each slave share memory. In general, for 
the mpi option the use of the gcc compiler is recommended while for the tasks option 
is recommend the use of Intel compiler. 
 
Figure A2.1: Master and slave nodes in the message passing process during a parallel calculation 
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Appendix 3 – Example of burnup calculation MCNP 
Inside the input file the form is: 
burn time= [𝑑1 𝑑2 … 𝑑𝑚] 
      mat= [𝑚1 𝑚2 … 𝑚𝑛] 
      power= [total power] 
      pfrac= [𝑓1 𝑓2 … 𝑓𝑚] 
      bopt= [𝑏1 𝑏2 𝑏3] 
      omit= [
𝑚1 𝑡1  𝑗11  𝑗12 … 𝑗1𝑘
𝑚2 𝑡2  𝑗21  𝑗22 … 𝑗2𝑘
⋮
𝑚𝑛 𝑡𝑛 𝑗𝑛1  𝑗𝑛2 … 𝑗𝑛𝑘
] 
      matvol= [𝑣1 𝑣2 … 𝑣𝑛] 
Where: 
time= [𝑑1 𝑑2 … 𝑑𝑚] incremental time duration for each 𝑚 successive burn step. Time 
unit is days. 
mat= [𝑚1 𝑚2 … 𝑚𝑛] material 𝑛 number that corresponds identically to material number 
specified in the material section. 
power= [total power] total reactor power expressed in 𝑀𝑊𝑡ℎ. 
pfrac= [𝑓1 𝑓2 … 𝑓𝑚] 𝑚 fraction of total power applied to the burn step. 
bopt= [𝑏1 𝑏2 𝑏3] 𝑏1 Q value multiplier (𝐷𝑒𝑓𝑎𝑢𝑙𝑡 = 1.0). 𝑏2 is used to control the 
ordering and content of the output and is the addictive result of two 
value  𝑏2 = 𝐼1+𝐼2. The first value select among three tiers (Table 3.3 
and Table 3.4) and: 
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𝐼1 = 0 Include only Tier 1 fission products. 
𝐼1 = 10 Include Tier 2 fission products, which comprise all 
fission products listed in the the 
XSDIR cross section directory of 
MCNPX 2.5.0. 
𝐼1 = 20 Include Tier 3 fission products, which comprise 
fission products in the libraries 
that have CINDER90 yield 
information. 
The second value selects among four ordering options: 
𝐼2 = 1 Order output inventory high to low based on mass. 
𝐼2 = 2 Order output inventory high to low based on total 
activity. 
𝐼2 = 3 Order output inventory high to low based on specific 
activity. 
𝐼2 = 4 Order output inventory based on increasing ZZZAAA. 
If 𝑏2 < 0, the output will be printed at the end of each burn step. 
If 𝑏2 > 0, the output will be printed at the end of job only. 
𝑏3 allows the user to disallow the use of high-energy physics models if the cross-
section energy of interest is less than the benchmarked. 
omit= [
𝑚1 𝑡1  𝑗11  𝑗12 … 𝑗1𝑘
𝑚2 𝑡2  𝑗21  𝑗22 … 𝑗2𝑘
⋮
𝑚𝑛 𝑡𝑛 𝑗𝑛1  𝑗𝑛2 … 𝑗𝑛𝑘
]  for each specified material 𝑚𝑛 the following 𝑡𝑛 isotopes are 
omitted by the transport calculation:  𝑗𝑛1  𝑗𝑛2 … 𝑗𝑛𝑘. 
matvol= [𝑣1 𝑣2 … 𝑣𝑛] this card is used to provide the volume of all cells containing a burn 
material in a repeated structure. 
A simple example: 
burn time=1 1 
      mat=1 2 90 91 
      power=3600 
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      pfrac=1. 1. 
      bopt=1.0 -12 1.0 
      omit=1 14 6012 6013 6014 7016 8018 9018 10020 33074 90231 
               92239 92240 95240 96241 97245 
           2 14 6012 6013 6014 7016 8018 9018 10020 33074 90231 
               92239 92240 95240 96241 97245 
          90 14 6012 6013 6014 7016 8018 9018 10020 33074 90231 
               92239 92240 95240 96241 97245 
          91 14 6012 6013 6014 7016 8018 9018 10020 33074 90231 
               92239 92240 95240 96241 97245 
      matvol=2157683.301 4315366.602 567811.395 1533090.767 
That means to calculate a two day burnup, with two timesteps, for material 1, 2, 90 
and 91 at power of 3600𝑀𝑊𝑡ℎ . The power is 100% at each timestep with the omission 
of all these fourteen isotopes. Last line specifies the volume of each cell [18]. 
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Appendix 4 – Burnup in the Inner Zone 
The inner zone was discretised in three different regions. In the next figures (from 
Figure A3.1 to Figure A3.12) the evolution of isotopes is shown inside these three 
fictitious regions. The shapes follow the general trend in the whole reactor. 
 
Figure A3.1: Evolution of masses of 235U, 238Pu, 241Pu and 241Am during one year burnup, Inner Region 
 
Figure A3.2: Evolution of mass of 238U during one year burnup, Inner Region 
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Figure A3.3: Evolution of masses of 239Pu, 240Pu and 242Am during one year burnup, Inner Region 
 
Figure A3.4: Evolution of masses of 237Np, 243Am and 242Cm during one year burnup, Inner Region 
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Figure A3.5: Evolution of masses of 235U, 238Pu, 241Pu and 241Am during one year burnup, 1st Region 
 
Figure A3.6: Evolution of mass of 238U during one year burnup, 1st Region 
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Figure A3.7: Evolution of masses of 239Pu, 240Pu and 242Am during one year burnup, 1st Region 
 
Figure A3.8: Evolution of masses of 237Np, 243Am and 242Cm during one year burnup, 1st Region 
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Figure A3.9: Evolution of masses of 235U, 238Pu, 241Pu and 241Am during one year burnup, 2nd Region 
 
Figure A3.10: Evolution of mass of 238U during one year burnup, 2nd Region 
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Figure A3.11: Evolution of masses of 239Pu, 240Pu and 242Am during one year burnup, 2nd Region 
 
 
Figure A3.12: Evolution of masses of 237Np, 243Am and 242Cm during one year burnup, 2nd Region  
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